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CHAPTER 1 
GENERAL CONCEPTS OF CELL MIGRATION 
 
Cell migration plays a central role in a wide variety of biological phenomena. Active cell 
motility is essential in physiological tissue development and homeostasis, including 
embryological morphogenesis, wound healing, immune surveillance, and inflammation, as 
well as neoplastic tumour cell dissemination and metastasis (Kunwar et al., 2006; Schneider 
and Haugh, 2006). During gastrulation, for example, large groups of cells migrate collectively 
as sheets to form the three layers that comprise the resulting embryo. Subsequently, cells 
migrate from various epithelial layers to target locations throughout the developing embryo 
where they then differentiate and form various tissues and organs (Keller, 2002) . Analogous 
migrations occur in the adult where, skin and intestine are renewal continuously from 
precursors that migrate up from the basal layer and the crypts, respectively.  
Migration is also a prominent component of tissue repair and immune surveillance, in which 
leukocytes migrate from the circulation into areas of insult, where they mediated 
phagocytic and immune functions (Baggiolini and Loetscher, 2000; Campbell et al., 2003). 
Moreover, misregulation of cell migration can have grave consequences and  contributes to 
several important pathological processes, including vascular disease, osteoporosis, chronic 
inflammatory diseases and tumor metastasis (Eccles, 2004) (Martin and Parkhurst, 2004; 
Sasaki and Firtel, 2006). Tumor development is accompanied by the formation of blood 
vessels which arise from proliferation and migration of their endothelium. In metastatic 
cancer some tumor cells acquire the  ability to migrate out of the primary tumor to a distant 
organ where they form secondary tumors (Lauffenburger and Horwitz, 1996) (Yang and 
Weinberg, 2008). Cytoskeleton and cell-extracellular matrix (ECM) adhesions are the two 
major molecular machineries involved in mechano-chemical signal transduction during cell 
migration. Cell extensions are the prerequisite for the onset and maintenance of cell 
motility in normal and cancer cells, which form either spontaneously or can be induced by 
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chemokines and growth factors. Observation of cell extensions is therefore a useful way to 
monitor the onset  of cell motility (Friedl and Wolf, 2003b). 
The motility cycle of a cell  
Cell migration is a very complicated process requiring precise regulation and integration of 
multiple signaling pathways. It is a dynamic and cyclical process that involves a complex 
integration of cellular adhesion to the substratum, proteolysis and remodeling of 
surrounding ECM, and activation and regulation of chemical signaling by growth factors and 
other chemotactic cues (Friedl and Brocker, 2000). Migration of cells over a substratum 
requires the coordination of several cellular processes which operate in a cycle.   
This cycle can be divided into five different steps (Figure 1.1):  
1. Extension of the leading edge  
2. Adhesion to the matrix  
3. Focalized proteolisis  
4. Actomyosin contraction  
5. Detachment of the trailing edge 
 
The 5-step cycle is commonly used to describe migration through 3D ECM, whereas migration 
over a substratum is governed by 3 or 4 steps. 
 
Extension of the leading edge: A resting non-migrating cell is tightly attached to the 
substratum and lacks sufficient polarity to move. When a cell is exposed to a migration 
promoting factor, the first response is a further polarization of the cell to enable cell 
movements. This includes intracellular reorganization, directed transport and membrane 
compartmentalization assures that the cell acquires a front and a backside. This process is 
regulated by the actin and microtubule cytoskeleton (Goode et al., 2000) and by the 
formation of cell protrusions in the direction of migration. Cell protrusions can be quite 
diverse in morphology and dynamics. These are termed lamellipoda, filopoda, pseudopods 
or invadopods (Adams, 2001). Other cell extensions include ruffles (early pseudopods) or 
spikes (early filopods) within lamellae, as well as podosomes. These different cell 
protrusions all contain filamentous actin, as well as varying sets of structural and signalling 
8 
 
proteins (Rho family of GTPases, ERK/MAP kinases and other regulatory molecules), and 
lead to dynamic interactions with ECM substrates (Horwitz and Parsons, 1999); (Lock et al., 
2008). Actin filaments are polarized structures with slow and fast growing ends that are the 
driving force of membrane protrusion. The kinetics of actin polymerisation is affected by 
adenosine triphosphate (ATP) hydrolysis (De La Cruz et al., 2000). This ATP hydrolysis takes 
place within the actin filaments. ATP-bound actin monomers bind to the plus end while 
ADP-bound actin monomers dissociate from the minus end. At specific sites in the 
cytoplasm, ADP-actin is recharged with ATP to facilitate plus end binding. This intriguing 
process is called “tread-milling” (Kirschner, 1980). At the leading edge of the cell, in the 
protruding lammelipodia a so-called actin cortex is built up. This dense actin network 
consists of many branched filaments. Out of a single actin filament, the Arp2/3 complex, 
which binds to the side of an already existing filament (or "mother filament"), nucleates the 
formation of a new actin filament (Machesky et al., 1994; Welch and Mullins, 2002). WASP 
(Wiskott-Aldrich syndrome protein) protein family members activate this Arp2/3 complex 
and these WASP proteins in turn are activated at the cell membrane by Rho GTPases and 
PIP2 (phosphatidylinositol bisphosphate) (De La Cruz et al., 2000) (Nobes and Hall, 1999). 
The rate of actin polymerisation is regulated by the small protein profilin, which catalyses 
the exchange of ADP for ATP and binds to ATP-actin monomers that serve to elongate 
filaments (Pollard et al., 2000). At the depolymerising end of the filaments ADP-actin 
monomers are disassembled, a process promoted by proteins of the ADF/cofilin family 
(Bamburg et al., 1999). Growing and branching filaments are terminated in their elongation 
by capping protein, which specifically binds to barbed ends of the filaments (Cooper and 
Schafer, 2000). Anti-capping proteins like Ena/VASP regulate this activity (Bear et al., 
2000);(Bear et al., 2002). The local activation of Arp2/3 complex and (anti)- capping proteins 
induces the growth of the lammelipodium in a particular direction and thus these proteins 
are involved in directed cell migration. Filopodia have actin organized as parallel bundles 
and by forming long tiny spikes they serve to explore the matrix and microenvironment. The 
Rho GTPases are key regulators of both actin organization (Nobes and Hall, 1999). Rho 
GTPases are members of the large GTP-binding proteins family consisting of proteins with a 
GTP-binding globular domain. GTP can be hydrolyzed to GDP thereby inducing a 
conformational change and inactivation of the protein. Rho GTPases are Ras-related small 
GTPases and activated. and  inactivated by guanine nucleotide exchange factors (GEFs) and 
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GTPase activating proteins (GAPs) respectively. These factors regulate the binding of GTP 
(active) and GDP (inactive)(Wittmann and Waterman-Storer, 2001).Important members of 
the Rho GTPases family are Rac, Cdc42 and RhoA. 
 Adhesion to the matrix: Within newly formed protrusions novel cell adhesions have to be 
established to attach the cell to the underlying ECM. These adhesions are transient and 
depending on the cell type, substratum and migration profile, their turnover can be very 
high (Webb et al., 2002). Adhesions initiate as small so-called focal complexes, which are 
mainly localised at the cell leading edge. These newly formed adhesions stabilize the 
lammelipodium and attach the protrusion to the ECM. In tightly adhering and non-motile or 
slowly migrating cells these focal complexes mature into focal adhesions. Depending from 
the cell type and ECM substrate, focal contact assembly and migration can can be regulated 
by different integrins (Mostafavi-Pour et al., 2003). Integrins are a family of heterodimeric 
transmembrane adhesion receptors that support adhesion to the ECM (or other cells) by 
linking matrix components outside the cell to actin filaments inside the cell (Hood and 
Cheresh, 2002). Next to this adhering function, integrins are known for their ‘inside-out 
signalling’ via activation by cytoplasmic signals (Geiger et al., 2001). Covalent modification of 
proteins by tyrosine phosphorylation is strongly implicated in the formation of adhesive 
structures. Upon adhesion to a substratum, a group of cytoskeletal-associated proteins are 
phosphorylated on tyrosines: focal adhesion kinase (FAK), paxillin and tensin are among the 
prominent and best characterized of these phosphoproteins that form the adhesive 
complexes (Lauffenburger and Horwitz, 1996). 
Moreover, also members of the Rho GTPases are important in the formation of new 
adhesions and stabilization of existing ones (Hall, 1998). Rac and Cdc42 appear to be 
important in the formation of new protrusions and small focal complexes, required for  
adhesion at the cell periphery. Rho induces the maturation of the small focal complexes into 
the larger and highly organized focal adhesions (Huveneers and Danen, 2009). During the 
turnover and maturation of new adhesions at the front of migrating cells microtubules  are 
reported to serve as transport route for adhesion components as growing microtubules 
target adhesions at leading edges of migrating cells (Small et al., 2002; Small and Kaverina, 
2003).  
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Focalized proteolisis: the engagement of integrins and other adhesion receptors leads to 
the recruitment of surface proteases that become concentrated near substrate binding 
sites. In close proximity to the cell surface proteases degrade ECM components, such as 
collagen, fibronectin and laminins and cleave pre-matrix metalloproteinases (MMPs) to 
create active soluble MMPs, known for their protein cleavage activities. Soluble proteases 
can directly bind to integrins and similarly, membrane-type matrix metalloproteinase-1 
(MT1-MMP) and MMP2  adhere to collagen fibres. MMP1 and other collagenases cleave 
native collagens, along with other ECM macromolecules, into smaller fragments, which, in 
turn, are accessible to subsequent degradation by gelatinases (MMP2 and MMP9) or serine 
proteases. ECM degradation occurs while the advancing cell body gains volume towards the 
ECM scaffold and is likely to provide the space required for cell expansion and migration, 
leaving behind tube-like matrix defects along the migration track (Friedl and Wolf, 2003a). 
This step is dependent on the cell type and the surrounding environment. Proteolytic 
strategies are indispensable for cells that cannot transmigrate narrow ECM gaps just by 
changing cell morphology and squeezing of their nuclei (Friedl and Wolf, 2009b). 
Actomyosin contraction:. The contractile force, needed to move the cell body forward is 
generated by the interactions of actin filaments with Myosin II. This force at the leading 
edge is regulated by modulating phosphorylation of the myosin light chain (MLC). Myosin 
Light Chain Kinase (MLCK) phosphorylates MLC which activates myosin II. Myosin II controls 
the organization of actin filaments into stress fibers and contraction that are predominantly 
induced by Rho. Rho activates Rho kinase (ROCK), which in turn inhibits the myosin 
phosphates, maintaining MLCs in a contractile state (Totsukawa et al., 2004). 
 
Detachment of the trailing edge: cells need to quickly dismantle the branched actin 
network to allow continued propagation of protrusion and movement. At the cell rear, 
adhesions need to be released, whereas at the front the formation of adhesion has to be 
controlled. Focal contact disassembly occurs through several mechanisms. Actin binding and 
severing proteins such as gelsolin and cofilin, cap actin filaments and cause actin filament 
breakage, thereby promoting filament turnover (Wear et al., 2000). Phosphatases play 
important roles in rear release, by limiting the assembly of cytoskeletal proteins (Zeng et al., 
2003). Focal contacts are further weakened through the proteolytic cleavage of adhesion 
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receptors by sheddases (Moss and Lambert, 2002)and the accumulation of collagen 
fragments that are generated while the cell moves forward (Carragher et al., 1999). 
Migratory defects have been reported in cells lacking Src family kinases (Klinghoffer et al., 
1999), FAK (Sieg et al., 1999) (Ilid et al., 1995)and calpain (Huttenlocher et al., 1997), all focal 
adhesion components. Moreover, in order to maintain a continuous retrograde flow of 
integrins on the cell surface, migrating cells must reload receptor at the leading edge. Two 
different models have been suggested to explain the recycling of these proteins. Integrins 
detach from the substrate and become internalized via the endocytic vesicles and 
transported toward the leading edge (Bretscher, 1996), or they are carried forward as a 
passive components of the cell cortex. (Regen and Horwitz, 1992); (Wang et al., 2008). 
 
Although fundamental cell migration mechanisms are shared between different migrating 
cells, the cell type and its environment are crucial for the migration response. Some cells, 
like fibroblasts and astrocytes, are known as slow-moving, while other cell types, like T-cells 
and tumour cells, are fast-moving. In addition, different tumour cells can differ strongly in 
their intrinsic migratory capacity. Next to cell type, the nature of the surrounding matrix 
determines to great extent the migration response of cells. The composition of the ECM, 
availability of growth factors and cytokines, physiological circumstances like pH and pO2 and, 
of course, intracellular constituents, all together regulate cell polarity and migration. 
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Figure 1.1:Five-steps model of cell migration in 3D ECM 
P. Friedl and K.Wolf, Nat Rev Cancer 2003 
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CHAPTER 2 
A NOVEL CHEMOTAXIS ASSAY IN 3-D COLLAGEN GELS BY 
TIME-LAPSE VIDEO MICROSCOPY 
A wide range of basic cellular process depends on cell motility that is fundamental for all 
eukaryotes. The ability of cells to migrate, adhere, and change shape requires most of the 
time external signals, although few cells respond primarily to internal cues. One of the most 
interesting and important response to external stimuli is chemotaxis. Chemotaxis, the 
directional movement of cells according to a concentration gradient of chemicals, is 
implicated in physiologically relevant phenomena such as inflammatory response, 
homeostatic circulation, and development (Böttcher and Niehrs, 2005). It also concerns a 
number of disorders including infectious and allergic diseases, wound healing, angiogenesis, 
atherosclerosis, and tumor metastasis (Eccles, 2004) (Martin and Parkhurst, 2004; Sasaki 
and Firtel, 2006). However, in vivo,  it is difficult to understand how soluble gradients might 
be continuously maintained. Under in vivo conditions, several physical events such as 
muscular contraction, convection of extravascular fluid, and lymph flow might perturb the 
graded diffusion of soluble substances, forming stable gradients. The composition of the 
ECM, availability of growth factors and cytokines, physiological circumstances like pH and 
pO2 and, of course, intracellular constituents, all together regulate cell polarity and 
migration. Recently, novel data on in vivo tumor cell migration during metastasis formation 
has revealed that the same tumor cells in vivo can migrate up to 10 times faster as 
compared to in vitro cell migration assays (Condeelis and Segall, 2003a; Wang et al., 2005). 
This strongly confirms the dependency on environmental settings of the migration response 
of cells. Thus, despite the ubiquity and importance of chemotaxis, it remains a difficult 
process to study in vitro. Several methods have been developed to measure chemotaxis in 
vitro. Most of them utilize systems with 2D surfaces. These 2D assays are easy to handle and 
provide important tools for understanding the migratory activity in response to natural or 
pharmacological modulators. However, since the in vivo cells environment is a 3D system, 
there are obvious questions regarding cell migration for which the 2D model is inadequate 
INTRODUCTION 
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even though  they still represent the easiest to investigate cell migration. One of the most 
commonly used migration assays is the Boyden chamber/Transwell assay (Fig. 2.1)(BOYDEN, 
1962).  
This system is used to quantify the migration of cells exposed to different chemokine 
concentrations. The chamber contains two compartments separated by a porous 
membrane, that usually have sizes between 2 m to 12 m, through which cells migrate. 
The pore size has to be chosen small enough in relation to the size of the investigated cells 
so that the cells actively migrate through the pores and cannot passively pass the 
membrane by just dropping through them. The lower compartment is filled with a 
chemoattractant solution creating a gradient by natural diffusion in the upper compartment 
which contains the cells. The gradient which is generated allows the cells to migrate through 
the porous membrane into the lower compartment.  
 
             
 
Figure 2.1: Boyden chamber 
 
However, chemotaxis and chemokinesis (undirected increase of cell speed) cannot be 
discriminated in this assay because an equilibrium of the chemotactic factor to be 
investigated is quickly formed. In case that the response is chemokinetic, an increased 
number of cells migrating through the filter should be observed regardless whether the 
substance is applied to the upper or lower compartment or to both compartments. In the 
event that the response is chemotactic, the number of transmigrating cells should be higher 
when the substance is applied in the lower compartment, compared to the same 
concentration of the substance applied to the upper compartment or to both compartments 
in parallel. However, no substance has been described, which influences the directionality of 
migration without an increase of migratory activity. Thus, a chemokinetic effect can occur 
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without a chemotactic effect but chemotaxis does not occur independently from 
chemokinesis (Zigmond and Hirsch, 1973). The practical advantage of the Boyden chamber 
assay are that the filter inserts with different pore sizes are commercially available and that 
the assay can be used to quickly screen chemotactic effect of many compounds. On the 
other hand, the Boyden chamber shows many limitations due to the fact that it is a system 
that rely on uncontrolled chemo-attractant gradients to induce migration. In fact, the 
chemokine becomes homogeneously diffused in the upper chamber and the cells will no 
longer migrate through the pores. Another limitation of Boyden chamber assays is that  they 
are primarily end-point assays and cannot be used for live cell imaging. Consequently, speed 
of cell migration cannot be determinate.  
The agarose (Köhidai, 1995) or Dunn chamber assays  (Zicha et al., 1991) are other standard 
chemotaxis assays which have been used to show the importance of chemokine gradients 
by evaluating leukocyte motility dependant on the concentration of specific chemokines. 
However, they all have the same disadvantage: the cells are incubated in static conditions 
and dynamic parameter of cell migration cannot be evaluated. However, the in vivo 
environment is far more complex in comparison to conventional cell assay chambers.  
An ideal in vitro assay of cell chemotaxis should be performed in a tissue-like collagen or 
fibrin gel, allow for direct cell tracking and imaging of the concentration gradient of the 
chemotactic factor within the gel, and be relatively simple to set up with significant 
reproducibility. 
The work carried out in this thesis present a novel chemotaxis assay in 3-D collagen gels in a 
direct-viewing chamber. Chemotaxis studies require a way to deliver chemicals to cells in a 
controlled gradient because cells need to be able to sense an increase in concentration of 
chemokine to direct their motion. In this chemotaxis assay a chemoattractant concentration 
gradient in the collagen gel sample seeded with cells is generated by diffusion trough a 
porous membrane. The diffusion process is monitored by fluorescence microscopy of FITC 
labelled dextran. Cell motion under the action of the chemoattractant gradient is followed 
by time-lapse video microscopy. Cell tracking is performed off-line by image analysis and the 
results are expressed in terms of a chemotactic index and velocity. The assay has been 
tested by using human neutrophils as a model. 
Neutrophils are the first line of defense against microbial pathogens in the innate immune 
response and their migration is essential for the immune system organization (Baggiolini 
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and Loetscher, 2000; Campbell et al., 2003). Misdirected or over-activated neutrophils can 
cause disorders such as chronic inflammation (Woolhouse et al., 2002). Thus, neutrophils 
need to be precisely directed to specific sites to perform their immune functions properly. 
The migration of leukocytes from the vasculature into tissue requires a multistep cascade of 
adhesive and migratory events which are mediated by a number of different molecules 
including adhesion molecules (selectins, integrins and adhesion receptors of the 
immunoglobulin superfamily), and chemoattractants (Fig. 2.2) (Moser et al., 2004). These 
steps are  the initial selectin-mediated rolling, the chemokine-induced activation and the 
integrin-dependent firm adhesion and subsequent transendothelial migration (Rao et al., 
2007). Chemokines, a family of endogenous chemotactic factors made up of small basic 
peptides (8–14 kDa)(Zlotnik and Yoshie, 2000), are responsible for the directed migration of 
leukocytes from the bloodstream into tissue (Baggiolini and Loetscher, 2000; Frevert et al., 
1995; Tsai et al., 2000). Here, we used Interleukin-8 (IL-8), an important neutrophils 
chemotactic factor (Baggiolini and Loetscher, 2000; Baggiolini et al., 1989; Olson and Ley, 
2002), member of the family of chemokines, to generate gradient across three-dimensional 
(3D) collagen gels.   
 
Figure 2.2: Mechanism of leukocytes recruitment from the blood vessels 
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Neutrophils isolation 
Peripheral blood (10 ml) was taken from healty human donors into BD Vacutainers 
containing K3EDTA. Neutrophils were freshly isolated by dextran sedimentation and 
centrifugation on Ficoll-Hypaque. The pellet of a density- gradient centrifugation containing 
neutrophil granulocytes and erythrocytes was diluted 1:1.3 with a high-molecular-weight 
dextran solution. After 2h erythrocytes had settled down and the neutrophil granulocytes 
containing supernatant was separated from the pellet. If necessary, red blood cells in the 
neutrophil-rich fraction were lysed with hypotonic saline. The neutrophils were washed 
twice with phosphate buffered saline (PBS) and then resuspended in RPMI 1640 containing 
10% heat-treated fetal bovin serum (FBS). The obtained purified neutrophil granulocytes 
were used immediately after isolation. 
Preparation of chemotaxis assays 
A 2.2 mg/mL collagen gel solution was prepared under sterile conditions by mixing cells 
suspended in RPMI with 10% FBS RPMI 1X in such a way that the cell concentration is 105 
cells/ml, 0.1 M NaOH (9%), RPMI 10X (7%) and  type I rat tail collagen (stock 9.33 mg/mL, BD 
Biosciences). All components required to make collagen gels were placed on ice except for 
the cell suspension. Thus, the mixture was incubated in a humidified incubator at 37 in 5% 
CO2 where collagen polymerization is allowed to occur (Fig. 2.3) and the polymerization was 
completed after 40 min. The collagen solution was placed in one of the compartments of 
the chamber, which has been previously sterilized in an autoclave.  
                
Figure 2.3: Confocal reflection images of type I rat tail collagen matrices at high magnification(63X and 100X) 
MATERIALS AND METHODS 
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Chemotaxis Chamber  
The chamber was designed with the requirements of maintaining both cell viability and 
good optical quality over the time scale of 24 h. The chamber, shown in Figure 2.4, consists 
of a single aluminum block glued on top of a microscope slide by using a silicone adhesive. A 
porous membrane, sandwiched between two rectangular open frames, separates two 
compartment, one used for the cell seeded collagen gel, and the other as the reservoir of 
the chemoattractant solutions 
 
Figure 2.4 : Chemotaxis chamber 
 
 
Time lapse experimental apparatus 
  
The time-lapse microscopy technique allows continuously observing and recording 
phenomena that can last up to several days. By means of motorized sample positioning, 
multiple fields of view can be imaged in an iterative fashion, in order to ensure 
reproducibility and statistical significance of the collected data. Time-lapse live cell imaging 
requires the right environmental conditions (i.e temperature, humidity and CO2 
concentration) under the microscope stage. This was achieved in this work by using a 
microscope cage incubator (Okolab, Italy), which enclose the whole microscope and allows 
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to maintain the cells in a 5% CO2 atmosphere at 37
◦C. To avoid humidity-induced damage to 
the mechanical and electrical parts of the microscope, the samples were placed inside a 
small chamber on the microscope stage where a suitable microenvironment for live cell 
imaging was created by feeding a pre-heated humidified air stream with the desired CO2 
concentration. Time-lapse video microscopy was performed by using a Zeiss Axiovert 200 
inverted microscope with a 10× long working distance objective. Z-stacks of images along 
the sample depth were acquired at several x-y positions in an iterative fashion by using a 
time-lapse software (Okolab), which allows the user to select the fields of view to be imaged 
at a given time interval. The time-lapse software controls the operation of an x-y motorized 
stage (Ludl, USA), a motorized focus stage (Ludl, USA) and a video camera (Hamamatsu, 
Japan). The setup of the time-lapse microscopy workstation is shown schematically in Figure 
2.5. 
 
 
 
Figure 2.5: Time Lapse experimental apparatus 
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CF concentration profile measurements 
 
In order to quantify the chemoattractant gradient a preliminary characterization was made 
using a fluorescently labeled dextran (FITC-dextran), having a molecular weight comparable 
to that of the chemoattractants investigated, so that a similar diffusion behavior can be 
assumed. Observing the collagen gel in epifluorescence microscopy, the mean grey level, 
which is proportional to fluorescensce intensity, was measured as a function of time and 
position inside the chamber compartment, in order to characterize the propagation of FITC-
dextran front in the collagen gel. The fluorescence intensity data can be easily converted in 
FITC-dextran concentration quantification by means of a proper calibration. To perform the 
calibration collagen gels with FITC dextran concentrations in the range 0,2 M - 5 M were 
prepared. The solutions were then loaded in a multiwell plate, which was incubated for 40 
minutes to allow collagen gelification. Fluorescence images were acquired within each well 
by using the same settings of light power and contrast. The mean gray level, as calculated 
from the image histogram, shows to be a linear function of FITC-dextran concentration, as 
reported in Figure 2.6. 
     
 
 
Figure 2.6: Calibration curve of mean gray level vs FITC-dextran concentration 
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In the calibration experiment, time lapse images were acquired at 4 different distances from 
the membrane.  
Figure 2.7 A  shows a typical image where the FITC–dextran fluorescence intensity profile is 
evident. In Figure 2.7 B the image surface plot is reported. 
 
Figure 2.7:  A) Fluorescence image of FITC-dextran during diffusion calibration  B) Surface plot of image 
 
For each acquisition point the evolution of FITC-dextran concentration as function of time 
was calculated by measuring the fluorescence intensity (Fig. 2.8).  
 
 
 
Figure 2.8: Concentration profile of FITC–dextran at 2 mm distance from the membrane. 
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By assuming classic Fickian diffusion in a semiinfinite medium, the diffusion coefficient D 
was obtained by fitting Eq. (1), where C0 is the initial concentration in the reservoir, x the 
distance from the membrane. The value obtained is equal to 1.3 e-6 cm2/s. 
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In Figure 2.9 the FITC-Dextran concentration is reported both as function of time and space, 
according to Eq (1). The gray plane cuts the plot at the distance of 2 mm from the 
membrane, the curve projection at 2 mm has been reported above in fig 2.8. 
 
 
 
 
 
Figure 2.9: 3D concentration profile of FITC–dextran as a function of time and distance from the chemotactic 
source. 
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Qualitative analysis of cell motility: cell trajectory reconstruction 
In order to validate our chemotaxis assay, several experiments were conducted on human 
neutrophils freshly isolated from different healthy donors. Neutrophils cell motility was 
studied by time-lapse imaging and analyzed  using a semi-automated Cell Tracking software. 
This assay allows us to observe and analyze the behavior of cells in the absence and 
presence of external pro-migratory chemotactic factors. In each experiment neutrophils 
were observed prior and after the addition of  50g/ml IL-8. The samples were imaged every 
minute for 110 minutes and for each time point 70 cells were individually tracked by 
overlaying each cell contour manually. Here we show representative results obtained from 
two different donors (donor A and donor B). The response of neutrophils to IL-8 was first 
analyzed qualitatively through cell trajectories reconstruction. Since collagen fibrils can 
become aligned near the surface as the gel forms or within the gel as it compacts due to 
traction exerted by entrapped cells, the possible contributions of contact guidance to 
directional cell migration and orientation needs to be considered. Restricting measurements 
to regions of the gel that are at least 1 mm away from the surface mitigated any surface-
induced alignment effects. In addition, using low cell concentrations prevented any 
significant gel compaction during the observation period. In the control where no 
chemoattractant was added, cell were moving in a random orientation in the xy plane which 
is  uniformly distributed in space (i.e., no preferential direction of motion can be 
distinguished) (Fig. 2.10 A). This confirms the absence of any matric-mediated contact 
guidance effects. In the presence of IL-8 concentration gradient, cell trajectories 
reconstruction  was, instead, directed towards the chemoattractant source (Fig. 2.10 B). 
Each cell trajectory starts in the same origin, coinciding with the intersection of the axis.  
RESULTS  
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Figure 2.10: Trajectories of neutrophils:  A) in absence of chemoattractant, B) in presence of 
chemoattractant 
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Quantitative analysis of cell motility: evaluation of chemotaxis index, cell 
velocity and cellular motile fraction  
The coordinates of the contour points and of the cell center mass, obtained by semi-
automated cell tracking, were automatically recorded in files that were subsequently used 
as input files for a script developed in-house in the programming platform Matlab. This 
software was used to characterize quantitatively the induction of chemotaxis  in terms of 
changes in dynamic parameters, i.e. the locomotory active fraction of a cell population, the 
velocity of migration, and orientation bias of cells quantified by the chemotactic index (CI). 
The chemotactic index is used to quantitatively assess directional cell movement. It ranges 
from 0 (random steps) to 1 (trajectory fully oriented towards the source of 
chemoattractant). For observation times that are  sufficiently long (greater than the cell 
persistent time), the chemotactic index for a single cell Im is defined as the ratio between 
the net movement in the direction of the gradient (Yt) and the total curvilinear length of cell 
trajectory (Lt) (Moghe et al., 1995): 
Im = Yt / Lt 
Where Yt = yk – y1 
 Lk = [(x2–x1)
2 + (y2–y1)
2 + (x3–x2)
2 + (y3–y2)
2 + ... + (xk – xk-1)
2 + (yk – yk-1)
2]1/2  
for t = kΔt 
The value of I is determined by averaging the Im values weighted on the trajectories of each 
cell: 
 
           
       
 
 
where tm is the trajectory of cell m. 
For each experiment, the chemotaxis index was calculated in regular interval of 5 minutes. 
In the first 30 minutes cells were followed in the absence of the chemotactic factor. The 
chemotactic index of the cells from donor A (Fig. 2.11 A) and B (Fig 2.11 B) are plotted as a 
function of time. Neutrophils from donors A and B showed different behavior without 
chemotactic gradient. In fact, CI for donor A  fluctuated around 0 and for donor B around 
0,25. However, both samples showed a pronounced chemotactic response after about 25 
minutes from the addition of IL-8. In particular, the observed value of CI was equal to 0.25 in 
the donor A and 0.5 in the donor B.  
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Figure 2.11: Chemotaxis index as a function of the time for neutrophils A) from donor A, B) from donor B 
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In order to characterize the effect of chemokine gradient on neutrophils in our chemotaxis 
chamber, the average velocity of cells was calculated for each time point. As showed for the 
CI, in basal condition, cells from donor A displayed  a lower average velocity then cells from 
donor B, 0.65 m/min (Fig. 2.12 A) and 1.7 m/min (Fig. 2.12 B) respectively. This value 
increased after the addition of IL-8 up to 3.5 m/min in donor A (Fig. 2.12 A) and 3 m/min 
in donor B (Fig. 2.12 B), according to the increment of the CI. The graphs below show a 
break in the time axis due to the procedure of the addition of the IL-8. 
 
 
 
 
  
 
 
 
 
A 
28 
 
 
 
 
 
 
 
 
 
Figure 2.12: Average velocity of cells as a function of the time for neutrophils from A) donor A, B) donor B 
 
 
Visual inspection of the time-lapse videos showed that only a fraction of the cells did 
actually move during the experiment. The figure below shows a xy plane of the collagen gen 
within neutrophils at time 0 (Fig. 2.13 A) and at time 110 minutes (Fig. 2.13 B). The white 
and the black circles indicate the position of cells at time 0 (Fig.2.13 A) and at time 110 
minutes (Fig. 2.13 B) respectively. The white arrows in fig. XA indicate the start position of 
motile cells while in fig. XB their trajectories and  end position (black arrows) are shown. 
 
 
B 
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Figure 2.13: Bright field images of collagen gel within neutrophils A) at time 0 and B) at time 110 minutes of 
the experiment 
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A cell was considered motile if its total displacement exceeded its own diameter. This 
criterion was used to exclude values representing minor cellular displacement that might be 
caused by either the repositioning of the microscope motorized stage or by external 
perturbation of the system. Cellular motile fraction was assessed for regular interval of 10 
minutes in presence and in absence of IL-8. Although a different percentage of motile cells 
was clearly visible in unstimulated conditions, the stimulation of the cells by IL-8 induced an 
increase in the number of motile cells in both donors (Fig. 2.14 A-B), according to the 
chemotaxis index and the cell average velocity. These results highlight a striking correlation 
between the increase in the percentage of motile cells, velocity and the increase of the 
chemotaxis index. 
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Figure 2.14: Motile fraction of neutrophils as a function of the time from A) donor A, B) donor B 
 
 
Moreover, in confirmation of what was observed in the cellular motile fraction, the 
distribution of the donors’ A neutrophils velocity prior to IL-8 (pre IL-8) showed a very high 
percentage of non-motile cells (the speed motion was observed in a range between 0 and 1 
m/min for more the 80% of cells) (Fig. 2.15 A). Post IL-8 stimulation (Post IL-8) only ~ 20% 
of cells maintained a velocity ranging between 0 and 1 m/min, while ~ 60% of cells 
increased the speed motion in a range between 2 and 7 m/min (Fig.2.15 B). The same 
effect of IL-8 stimulation was observed  in cells isolated from the donor B (data not shown). 
B 
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Figure 2.15: Average velocity distribution of cells vs  time A) before, B) after IL-8. 
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The main purpose of this study is to describe an in vitro chemotaxis assay in a tissue-
equivalent collagen gel by using Time-Lapse microscopy. The cell behavior was observed in a 
physiologically relevant environment and in dynamic conditions, unlike other chemotaxis 
assays from literature (BOYDEN, 1962; Zigmond and Hirsch, 1973). To study 
chemoattractant diffusion a fluorescently labeled dextran was used (FITC-dextran). The 
FITC-dextran selected for the experiments has a molecular weight comparable to that of the 
chemoattractants investigated, so that a similar diffusion behavior can be assumed. Cell 
motion under the action of the chemoattractant gradient was followed by time-lapse video 
microscopy. Human neutrophils, freshly isolated from peripheral blood of different 
volunteers, under the effect of the pro-chemotactic factor Interleukin-8 (IL-8) (Baggiolini 
and Loetscher, 2000; Baggiolini et al., 1989; Olson and Ley, 2002), were used as a model to 
test the assay. The response of neutrophils to IL-8 was first analyzed qualitatively through 
cellular trajectory reconstruction. Since collagen fibrils can become aligned near the surface 
as the gel forms or within the gel as it compacts due to traction exerted by entrapped cells, 
the possible contributions of contact guidance needed to be considered. Contact guidance 
in 3D is the phenomena by which the matrix provides directional cues to the cells and 
directs the motility response via anisotropy in the microenvironment (Dallon et al., 1999; 
Dickinson et al., 1994; Guido and Tranquillo, 1993). For instance, in fibroblasts it has been 
shown that contact guidance cues from collagen alignment promote 3D cell migration along 
the axis of collagen alignment (Dickinson et al., 1994; Guido and Tranquillo, 1993). In our 
chemotaxis chamber assay, in absence of IL-8, the motion of cells in the xy plane showed a 
random orientation uniformly distributed in space, supporting the absence of any contact 
guidance effects. Instead, in the presence of IL-8 concentration gradient, cell trajectories 
were directed towards the chemoattractant source. Then, cell behavior was quantitatively 
characterized by calculating some key parameter of the cell migration: chemotactic index, 
cellular average velocity and motile fraction of the cells. Neutrophils from two different 
donors displayed different behaviors both prior to the addition of IL-8 and after IL-8 
stimulation. In particular, the cells from donor B showed higher value in all the evaluated 
parameters compared to the cells from donor A. 
DISCUSSION 
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In absence of IL-8, the average velocity of neutrophils from donor A resulted to be 0.65 
m/min. Furthermore, only ~5% of the cells did actually move and the chemotaxis index 
fluctuated around 0. On the other hand, cells from donor B showed average velocity equal 
to 1.5 m/min. The chemotaxis index value was calculated around 0.25 and the percentage 
of motile cells was found to be ~20%. However, the cell trajectories reconstruction indicated 
a random orientation in both samples. The differences in speed and in the cells motile 
fraction might be related to different IL-8 circulating level in the two volunteers. In fact, IL-8 
production, that contribute to neutrophils activation and the development of acute 
inflammation (Harada et al., 1994), can be rapidly induced by several factor including 
bacterial and viruses infections (Hoffmann et al., 2002; Roebuck, 1999). Concerning the 
chemotactic index, it showed a lower value in the neutrophils from donor A, likely due to a 
smaller fraction of motile cells. Indeed, the motile cellular fraction and the chemotactic 
index as a function of the time showed a comparable trend. In conclusion, our chemotaxis 
chamber represent a good model for studying chemotactic effects of IL-8 on 
polimorphonuclear lymphocytes in three-dimensional collagen matrices. Moreover, this 
assay might be useful to investigate the chemotactic effects of different compounds on 
several cell lines and the role of chemotaxis in pathological samples. 
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CHAPTER 3 
CHRONIC AIRWAY INFLAMMATION IN CYSTIC FIBROSIS (CF): 
A MODEL OF DISEASE TO IDENTIFY TARGET OF 
MODULATION OF CELL RECRUITMENT 
 
 
The cell motility is the base of numerous biological processes, from morphogenesis to 
inflammation. One of the mechanisms that cells use to move in a particular direction is to 
respond to gradients of chemicals, which they can detect through cell surface receptors. If 
the movement involves direction sensing followed by directed migration up or down the 
chemical gradient, this process is known as chemotaxis (Affolter and Weijer, 2005). 
Although the physio-pathological relevance of cell motility processes, the techniques 
currently available for their characterization take data of hard quantitative interpretation. 
The 2D study of cell motility phenomena is usually performed by fluorescence microscopy 
technique on fixed samples, where the examined cells are observed in instants of time that 
precede and follow the addition of a certain factor. This cannot give a dynamic 
quantification of the phenomena, but only a "static" one, limited to two time steps, missing 
the progression of motility event. The advent of technology as time-lapse microscopy has 
allowed to overcome these limits, being able to follow cell motility from time to time and 
obtain quantification of the random or directional (chemotaxis) cell movement (Su et al., 
2007) and it represents the nearest approach to in vivo assays. Cell migration is a very 
complex phenomenon that regulates the inflammatory response as well as several 
processes of cell biology and development. Moreover, deregulation of cell migration can 
have grave consequences and  contributes to several important pathological processes, 
including vascular disease, osteoporosis, chronic inflammatory diseases and tumor 
metastasis (Lauffenburger and Horwitz, 1996; Ridley et al., 2003). Chronic inflammation is 
an ideal condition for the study of cell migration and its deregulation. In this condition 
several cell populations are recruited in response to the enhanced local release of chemo-
attractant molecules (chemokines) that favors the infiltration of circulating leukocytes 
INTRODUCTION 
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within a disease-target tissue. Inflammation is a physiological process of response to tissue 
injury and it is achieved by the increased movement of plasma and leukocytes (especially 
granulocytes) from the blood into the injured tissues. However, the dysregulation of the 
proper control of inflammation, induces a massive infiltration of leukocytes (neutrophils, 
monocytes, lymphocytes)  within the target tissue as it occurs in gut, airways, skin, joints 
leading to chronic inflammatory response and tissue damage. Thus, neutrophils infiltration 
is a hallmark in rheumatoid arthritis, vasculitis, inflammatory bowel diseases and chronic 
lung diseases (Eyles et al., 2006). Cell migration is influenced by many factors as chemokine 
production, 3D moving, chemical gradient and  interaction with neighboring cells within the 
tissue. This may generate several problems in the interpretation and quantitative analysis of 
data and deserve careful evaluation. In order to understand the mechanisms of migration 
and to identify appropriate target of modulation of cell recruitment  in pathological 
condition, we used a model of disease and focused on chronic airway inflammation in Cystic 
Fibrosis (CF). Cystic Fibrosis (CF), the commonest life-threatening inherited disease in 
Caucasians, is due to mutations in the CF in the CF trans membrane conductance regulator 
(CFTR) gene, which encodes a cAMP-regulated chloride channel expressed at the apical 
membrane of epithelial cells in the airways, pancreas, testis, and other tissues. The most 
common CFTR mutation producing CF is deletion of phenylalanine at residue 508 (F508del) 
in its amino acid sequence (Ratjen and Döring, 2003; Thelin and Boucher, 2007). The 
misfolded F508del-CFTR protein is degraded and fails to reach the cell membrane, leading to 
defective chloride cannel function (Gelman and Kopito, 2003; Kopito, 1999; Reddy et al., 
1996; Ward et al., 1995). Although CF is a systemic disease, the main cause of death is due 
to chronic airway inflammation and persistent and untreatable pulmonary infections, with 
Pseudomonas aeruginosa colonizing most of the patients (Scheid et al., 2001; Smith et al., 
1996; Thelin and Boucher, 2007). Defects of the CFTR are associated with a marked increase 
of proinflammatory cytokines, such as TNF-α, IL-6, IL-1β, IL-17 (Gelman and Kopito, 2003; 
Kopito, 1999; Osika et al., 1999). The production of tumor necrosis factor (TNF)-a, IL-1b, IL-6, 
and IL-8 and other pro-inflammatory cytokines by airway epithelial cells and lung 
macrophages along with the accumulation and activation of neutrophils in the CF airways 
may underlie the early pathogenesis of CF lung disease (Dean et al., 1993) (Balough et al., 
1995). The inflammatory cytokine responses, particularly that of the potent neutrophil 
chemoattractant and activator IL-8, which recruits large numbers of neutrophils into the 
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airways, are excessive in bronchoalveolar lavage fluid from patients with CF compared with 
control subjects (Hubeau et al., 2001; Tirouvanziam et al., 2000) (Bals et al., 1999; Bonfield 
et al., 1995). Several studies have shown an increased pro-inflammatory activity in the CF 
tissues, regardless of bacterial infections, as inflammation is similarly observed in CFTR-
defective cell lines kept in sterile conditions. Despite recent studies have indicated that CF 
airway epithelial cells can spontaneously initiate the inflammatory cascade, the molecular 
mechanisms involved in this increased inflammatory response is still not clear. CFTR-
defective bronchial epithelial cell lines, IB3-1 human CF bronchial epithelial, (carrying 
F508del/W1282X CFTR mutation) and isogenic stably rescued C38 (Smith et al., 1996) have 
been used to understand the molecular link between a defected CFTR and the excessive 
inflammatory responses typical of CF airways. It has been shown that nasal polyp mucosa 
from CF patients as well as human CFTR-defective cell lines constitutively up-regulate tissue 
transglutaminase (TG2) (Maiuri et al., 2008). TG2 belongs to a family of mammalian 
enzymes that post-translationally modify proteins in a calcium-dependent manner (Malorni 
et al., 2008) leading to the formation of covalent e(g-glutamyl)lysine linkage. It is localized 
inside the cell in free cytosolic, mitochondrial, and nuclear forms, in the extracellular 
environment and in association with the cell surface (Griffin et al., 2002). TG2 is apparently 
involved in disparate biological processes including apoptosis (Fésüs and Szondy, 2005), cell 
adhesion and migration (Griffin et al., 2002), ECM homeostasis, angiogenesis and wound 
healing (Haroon et al., 1999). The increased TG2 activity drives inflammation through down-
regulation of the antiinflammatory peroxisome proliferator- activated receptor (PPAR)g, a 
negative regulator of inflammatory gene expression (Daynes and Jones, 2002). CF airways 
high levels of reactive oxygen species (ROS) lead to an increase of TG2 activity, TG2-
mediated PPAR cross-linking, ubiquitination, and proteasome degradation, thus driving 
inflammation (Maiuri et al., 2008). Blocking TG2 through specific gene-silencing or TG2 
inhibitors increases PPARg protein and reverses inflammation (Maiuri et al., 2008). TG2 is 
therefore a master regulator of inflammation in CF airways and mediates the production of 
inflammatory cytokines and chemokines via targeting key regulatory pathways of 
inflammation. To underpin the mechanisms leading to inflammation and secretion of 
cytokines and chemokines, we investigated the mechanisms of TG upregulation and its 
impact on inflammation within the pro-oxidative environment that characterizes CF 
epithelial cells. TG2 is regulated by retinoids, steroid hormones, peptide growth factors and 
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cytokines that also lead to a time-dependent decrease in TG2 ubiquitination (Lorand and 
Graham, 2003). This indicates that posttranslational control mechanisms may regulate TG2 
tissue levels in CF airways. We focused on small ubiquitin like-modifier (SUMO) post-
translational modification since this has been defined as a central way of regulating key 
cellular functions and stability of proteins (Geiss-Friedlander and Melchior, 2007; 
Meulmeester and Melchior, 2008). SUMOylation has been defined as a key player of the 
post-translational network to regulate key cellular functions including transcription, nuclear 
translocation, stress response and chromatin structure as well as of diversifying localization 
and even stability of the modified proteins (Geiss-Friedlander and Melchior, 2007; 
Meulmeester and Melchior, 2008). Sumoylation is accomplished via an enzymatic cascade 
involving, among the others, E3 ligases, that catalyze the transfer of SUMO from the 
conjugating enzyme UBC9 to a substrate (Meulmeester and Melchior, 2008). E3 ligases have 
gained a central role in the SUMO machinery, since they regulate sumoylation  in response 
to different  stresses (Meulmeester and Melchior, 2008). 
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Cell lines and cultures  
Human CF bronchial epithelial cell line IB3-1, carrying F508del/W1282X CFTR mutation, and 
isogenic stably rescued C38 cell lines (LGC Standards) were cultured as recommended by 
American Type Culture Collection. IB3-1 cell line was incubated for 24 h with cystamine (400 
µM; Sigma-Aldrich) followed or not by rosiglitazone for 6 h (10 µM; Alexis Biochemicals).  
RNA interference and Adenoviral vector 
IB3-1 cells were transfected with 50 nM human SUMO-1 or scrambled small interfering RNA 
(siRNA) duplex using Lipofectamine RNAiMAX at 37°C for 72 h. The SUMO-1 duplex siRNA 
was a pool of three sequences. siRNA-mediated knockdown of PIASy was performed using 
specific siRNA oligos, as previously described (Mabb et al., 2006). TG2 gene silencing was 
performed as previously reported (Maiuri et al., 2008). Human manganese superoxide 
dismutase (MnSOD) cDNA was cloned into the shuttle vector pAd5CMVK-NpA (Du et al., 
2006). MnSOD adenovirus was a gift from Michael Brownlee (Albert Einstein College of 
Medicine, New York, NY). IB3-1, cell lines was infected with MnSOD or control adenovirus 
for 2 h, as previously described (Du et al., 2006). 
Cell fractionation  
IB3-1 cells were collected in cold buffer A (20 mM Tris-HCl  (pH 7.4), 2 mM EDTA, 20 mM 2-
ME, 1x PMSF, 1 µg/ml inhibitor protease cocktail), homogenized in Potter-Elvehjem pestle 
and glass tube (Sigma-Aldrich), and centrifuged at 2000 rpm for 15 min at 4°C to obtain 
nuclear pellets. Supernatants were collected as cytoplasmic fractions. Nuclear pellets were 
washed with buffer A and resuspended in buffer B (2 mM Na3VO4, 400
 mM NaCl, 1 mM 
MgCl2, 1 mM EGTA, HEPES 10 mM (pH 7.9), 1 mM DTT,
 1x PMSF, 1 µg/ml inhibitor protease 
cocktail) and incubated on ice for 50 min with occasional mixing to extract nuclear proteins. 
Nuclear extracts were cleared by centrifugation (7000 rpm, 15 min, 4°C), and supernatants 
were collected as nuclear fraction. Then, cytoplasmic and nuclear whole-cell fractions were 
analyzed by immunoblotting.  
MATERIALS AND  METHODS 
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Immunoblot  
The blots were incubated with anti-phospho-p42/p44 MAP kinases (rabbit polyclonal IgG, 
1/500; Cell Signaling Technology), TG2 (clone CUB7402, mouse monoclonal IgG1, 1/500; 
NeoMarkers), ubiquitin (clone FL-76 sc9133, rabbit polyclonal IgG, 1/500; Santa Cruz 
Biotechnology), SUMO-1 (clone FL-101 sc9060, 1/500; Santa Cruz Biotechnology), phopsho-
p65(Ser536) (rabbit polyclonal, 1/500; Cell Signaling Technology), PIASy (clone H75 sc50437, 
rabbit polyclonal IgG, 1/1000; Santa Cruz Biotechnology), I B  (clone H4 sc1643, mouse 
monoclonal IgG1, 1/1000; Santa Cruz Biotechnology), β-actin (clone 13E5, rabbit polyclonal 
IgG, 1/2000; Cell Signaling Technology), and β-tubulin (rabbit polyclonal IgG, 1/2000; Cell 
Signaling Technology). The primary Abs were counterstained by a HRP-conjugated anti-IgG 
Ab (Amersham Biosciences) for 60 min at room temperature. Proteins were visualized by 
chemiluminescence (ECL Plus; Amersham Biosciences) and exposed to X-OMAT film 
(Eastman Kodak). The amounts of proteins were determined by a Bio-Rad protein assay to 
ensure equal protein loading before Western blot analysis. Fifty micrograms of cell lysate 
was loaded in each lane.  
Immunoprecipitation  
Treated and untreated cells were harvested, lysed, and 500 µg of cell lysate was 
immunoprecipitated by overnight incubation at 4°C on a mixer with an appropriate dilution 
of specific Ab (anti-TG2 CUB 7402 mAb, anti-PIASy, anti-PPAR , anti-I B ) in cold lysis 
buffer. The samples were then incubated with protein G-Sepharose at 4°C for 2 h with 
constant mixing. After washing, the immunoprecipitated proteins were electrophoresed 
through 10% polyacrylamide gels (Bio-Rad), transferred onto blotting membranes 
(PolyScreen polyvinylidene difluoride; NEN), and analyzed.  
Mice  
Young adult female CF mice homozygous for the F508del mutation in the 129/FVB outbred 
background (Legssyer et al., 2006) and their wild-type littermates were housed in static 
isolator cages at the animal care specific pathogen-free facility of the University of Louvain 
following recommendations of the Federation of European Laboratory Animal Science 
Associations (Nicklas et al., 2002). To prevent intestinal obstruction CF mice were weaned to 
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a liquid diet (Peptamen; Nestlé Nutrition). Peptamen was replaced daily. The genotype of 
each animal was checked at 21 days of age, as previously described (Legssyer et al., 2006). 
CF (n = 7) and normal homozygous wild-type mice (n = 7), 10  to 14 wk of age, were treated 
i.p. (Karpuj et al., 2002) for 7 days with a daily dose of 100 µl of 0.01 M cystamine or PBS 
solution. Mice were then killed by i.p. injection of 20 mg of sodium pentobarbital (Abbott 
Laboratories).  
Confocal microscopy  
Mice lung tissue. Seven-micrometer frozen lung tissue sections from each mice were fixed 
in acetone for 10 min. The sections were incubated for 2 h at room temperature with the 
following Abs: anti-phospho-p42/p44 MAP kinases (1/200; Cell Signaling Technology), PPAR
 (clone H100 sc-7196, rabbit polyclonal IgG, 1/100; Santa Cruz Biotechnology), TG2 (clone 
H237 sc20261, rabbit polyclonal IgG, 1/100; Santa Cruz Biotechnology). This was followed by 
incubation with Alexa 488 donkey anti-rabbit (used for detection of phospho-p42–44, 
PPAR, and TG2 protein, 1/200; Invitrogen). Data were analyzed under fluorescence 
examination by confocal microscopy as previously described (Maiuri et al., 2008). 
Elisa 
Human or murine TNF-  secretion was measured using the BD OptEIA TNF-  ELISA kit II (BD 
Biosciences). Measurements were performed at least in triplicate. Values were normalized 
to 106 cells; results were expressed as means ± SEM.  
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PIASy-mediated TG2 SUMOylation increases TG2 protein levels in CF airway 
epithelial cells 
To investigate whether posttranslational modifications could result in the persistence of 
high levels of TG2 protein, the protein extract from IB3-1 (CF epithelial cell lines carrying 
F508-del/W1282X CFTR mutations) and C38 cells (the isogenic stably rescued) were 
analyzed by Western blots and  revealed that SUMO-1 protein level was increased in IB3-1 
cells as compared with C38 cell lines (Fig. 3.1 A). Furthermore, when TG2 
immunoprecipitates from IB3-1 cells were probed with the anti-TG2 Ab, two TG2 bands 
were detected, with the upper band corresponding to the SUMOylated TG2 (Fig. 3.1 B). 
Moreover, TG2 protein levels were higher in IB3-1 than in C38 cell lysates (Fig. 3.1 C). 
 
           
 
Figure 3.1: A) Immunoblot analysis of SUMO-1 expression B) SUMO-TG2 immunoprecipitation and C) 
Immunoblot analysis of TG2 expression in CF IB3-1 and C38 cells. 
 
Since Protein Inhibitor of Activated STAT (PIAS)y, a member of the PIAS family (Mabb et al., 
2006), has recently been defined as the first SUMO ligase for NF-kB essential modulator 
(NEMO) (Mabb et al., 2006) and PIASy-NEMO interaction is mediated by Reactive Oxygen 
Species (ROS) (Mabb et al., 2006), we also investigated whether PIASy-TG2 interaction could 
mediate ROS-driven post-translational modifications of TG2. In the experiments the IB3 cell  
lysates were immunoprecipitated with PIASy antibody and probed with TG2 antibody; the 
results evidenced the corresponding band to molecular weight of TG2, to confirm the 
interaction TG2-PIASy (it is performed also the reciprocal IP) (fig 3.2 A) . Since PIASy SUMO-1 
RESULTS 
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E3-ligase activity is influenced by ROS (Mabb et al., 2006), IB3 cells were treated or not with 
virus infection of human manganese superoxide dismutase (MnSOD) to regulate the pro-
oxidative environment of cell. Human manganese superoxide dismutase (MnSOD) cDNA was 
cloned into the shuttle vector pAd5CMVK-NpA (Du et al., 2006). MnSOD adenovirus was a 
gift from Michael Brownlee (Albert Einstein College of Medicine, New York, NY). The  cell 
lines were infected with MnSOD or control adenovirus for 2 h. The  protein extract  was 
resolved by SDS-Page and probed with SUMO, TG2, PIASy antibodies evidencing  the 
reduction of level with MnSOD (Fig.3.2 C). The overexpression of human MnSOD (Du et al., 
2006) controlled PIASy-TG2 coimmunoprecipitation (Fig. 3.2 A) as well as SUMO-TG2 
coimmunoprecipitation (Fig. 3.2 B) thus reducing TG2 protein levels (Fig. 3.2 C). 
Furthermore, MnSOD overexpression reduced PIASy  and SUMO-1 protein levels (Fig. 3.2 C). 
                                
                          
 
Fugure 3.2: A) Effect of the overexpression of human MnSOD on A) PIASy-TG2 coimmunoprecipitation, B) 
SUMO-TG2 coimmunoprecipitation and C) TG2, PIAS and SUMO-1 protein expression. 
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The data of experiments indicate that in CF airway epithelia the  pro-oxidative intracellular 
milieu leads to PIASy-mediated TG2 sumoylation. SUMOylation of TG2 decreased TG2 
ubiquitination since these two main posttranslational changes may compete each other for 
the same lysine residues on the aminoacid sequence. We performed experiments of SUMO 
gene silencing by SUMO-1 or PIASy specific siRNAs introduced into cell by using 
Lipofectamine RNAiMax  according to the manufacturer’s instructions for 72h at 37°C. IP 
studies revealed an increase of TG2 ubiquitination upon proteasome inhibition by MG132 
(Fig.3.3 A, B), thus allowing TG2 to be targeted to proteasome for degradation. This induced 
decreases of TG2 protein (Fig. 3.3 C) Therefore, oxidative stress increases PIASy protein 
levels and favours TG2 SUMOylation that leads to the persistence of high TG2 tissue levels 
by downregulating TG2 ubiquitination and proteasome degradation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Effect of A) SUMO or B) PIASy gene silencing on TG2 ubiquitination upon proteasome inhibition 
by MG132. C) Immunoblot analysis of TG2 protein upon SUMO-1 or PIASy gene silencing respectively.  
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SUMO-1 or PIASy gene silencing controls inflammation in CF airway epithelial 
cells 
 
TG2 SUMOylation might provide the missing link between cellular stress and inflammation. 
We investigated whether the control of TG2 SUMOylation might modulate TG2-driven 
inflammation previously described in CF epithelia (Maiuri et al., 2008). The figure 7 
demonstrated that gene silencing of either PIASy or SUMO by specific siRNAs induced a 
significant decrease of p42– 44 phosphorylation in IB3-1 cells. 
 
 
 
 
 
Figure 3.4: Effect of SUMO-1 or PIASy gene silencing on p42– 44 phosphorylation 
 
 
TG2 inhibition modulates PPARg and IkBa SUMOylation in CF airway 
epithelia 
 
TG2 SUMOylation may have great relevance in driving CF inflammatory phenotype and 
release of pro-inflammatory cytokines and chemoattractants. PPAR which may be targeted 
by TG2 to crosslinking and proteasome degradation (Maiuri et al., 2008), may also be  
targeted by SUMO-1 and undergo sumoylation in response to a PPARg agonists, such as 
Rosiglitazone (Maiuri et al., 2008; Pascual et al., 2005).  Sumoylated PPARg interacts with 
the nuclear-receptor co-repressor (N-CoR)-histone deacetylase 3 (HDAC3) complex and 
thereby blocks its ubiquitination, thus maintaining a repressor condition (Pascual et al., 
2005). This study shows that sustained TG2 activation inhibits PPARg SUMOylation and its 
interaction with the N-CoR (Pascual et al., 2005), thus favoring inflammation. Moreover  TG2 
induces crosslinking and degradation of Ik-Bα, a known TG2 substrate (Kim et al., 2006) and 
a negative regulator of NF-kB activation, inhibits Ik-Bα SUMOylation and favors NF-kB 
activation (Fig. 3.5). The data shows that blocking TG2 through specific gene silencing or 
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specific inhibitors, such as cystamine, (Fig. 3.5 A) increased PPAR sumoylation in response 
to rosiglitazone (agonist of PPAR) in IB3 cell line. Moreover siRNA of TG2 or cystamine 
induced increase of Ik-Bα sumoylation (fig. 3.5 B) and its protein level (fig. 3.5 C, left). Finally  
reduced p-65 NF-kB was detected in nuclear extracts of IB3-1 cells after TG2 inhibition (Fig 
3.5 C right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Effect of TG2 inhibition on A) PPAR SUMOylation, B) Ik-Bα SUMOylation, C) Ik-Bα protein level 
(left) and p-65 NF-kB nuclear translocation (right) 
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This cascade of events leads to reduced secretion of inflammatory cytokines as TNF-a (Fig. 
3.6) and of the neutrophils chemoattractant IL-8 (data not shown).  
 
Figure 3.7:Effect of  SUMO-1 or PIASy gene silencing on TNF- protein expression 
 
TG2 inhibition controls inflammation in F508del-CFTR homozygous mice 
To test the effects of TG2 inhibition in vivo, we treated CF mutant mice homozygous for 
F508del-CFTR mutation (Legssyer et al., 2006) and their control littermates (Legssyer et al., 
2006) with cystamine, previously reported to inhibit TG2 and ameliorate disease 
manifestations in a mouse model of Huntington’s disease (Karpuj et al., 2002). We treated 
CF and wild-type mice with a daily injection of cystamine (i.p. injection of 100 l of 0.01 M in 
PBS for 7 days) or PBS (i.p. injection of 100 l of PBS for 7 days). After treatment with PBS 
the expression and distribution of the tested markers remained unaltered as compared with 
the pattern observed in untreated CF mice. Before treatment, as well as after treatment 
with PBS, all seven tested CF mice showed increase of TG2 activity (Fig. 3.8 A), 
phosphorylation of p42–44 (Fig. 3.8 A) and of TNF- protein (Fig. 3.8 B)  as compared with 
control littermates. In all CF mice, the treatment with cystamine controlled TG2 activity, 
increases PPAR levels and its nuclear localization and reduced p42–44 phosphorylation (Fig. 
3.8 A)  and TNF- protein levels (Fig. 3.8 B), thus restoring the pattern observed in their 
control littermates. Cystamine did not induce any changes in wild-type mice. 
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Figure 3.8: Effect of cystamine on A) TG2 activity, PPAR levels localization,  p42–44 phosphorylation and B) 
TNF- protein in F508del-CFTR mice 
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The cellular response to stress involves a finely tuned posttranslational network that 
provides proteins with functional ability at the right time and place, and its perturbations 
have been shown to contribute to the aetiology of various human diseases (Tempé et al., 
2008). SUMOylation has been defined as a key player of the posttranslational network to 
regulate key cellular functions, including transcription, nuclear translocation, stress 
response, and chromatin structure, as well as of diversifying localization and even stability of 
the modified proteins (Tempé et al., 2008) (Meulmeester and Melchior, 2008) (Geiss-
Friedlander and Melchior, 2007). SUMOylation is accomplished via an enzymatic cascade 
involving, among others, E3 ligases, that catalyze the transfer of SUMO from the conjugating 
enzyme UBC9 to a substrate (Meulmeester and Melchior, 2008). E3 ligases have gained a 
central role in the SUMO machinery, since they regulate SUMOylation in response to 
different stresses (Meulmeester and Melchior, 2008). In CF airway epithelia the increased 
levels of ROS lead to TG2 SUMOylation via interaction of TG2 with PIASy, an E3 ligase 
already reported to mediate NEMO SUMOylation upon genotoxic stress through ROS 
generation (Mabb et al., 2006). Oxidative stress increases PIASy protein levels and favors 
TG2 SUMOylation that leads to the persistence of high TG2 tissue levels by down-regulating 
TG2 ubiquitination and proteasome degradation. TG2 SUMOylation may therefore switch off 
the posttranslational regulatory mechanisms in response to the oxidative stress. Most 
proteins involved in the pathogenesis of chronic human diseases, as huntingtin, ataxin-1, 
tau, and -synuclein, were reported to be SUMO (Steffan et al., 2004) as well as TG2 
substrates (Junn et al., 2003). PPAR, which may be targeted by TG2 to cross-linking and 
proteasome degradation (Maiuri et al., 2008), may also be targeted by SUMO-1 and 
undergo SUMOylation in response to a PPAR agonists, such as rosiglitazone (Maiuri et al., 
2008; Pascual et al., 2005). Moreover TG2-mediated cross-linking and degradation of IkB, a 
known TG2 substrate (Kim et al., 2006), inhibits IkB SUMOylation and favors NF-kB 
activation. Therefore, TG2 may function as a link between oxidative stress and inflammation 
by driving the decision as to whether a protein should undergo SUMO-mediated regulation 
or degradation. TG2 is suggested to be an attractive target to restore cellular homeostasis 
and dampen chronic inflammation in CF airways. The regulation of the high levels of TG2 
protein or the inhibition of sustained TG2 enzyme activation may represent a new attractive 
DISCUSSION 
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approach to control disease evolution in CF patients.  To evaluate whether we can translate 
our in vitro findings into an appropriate animal model and confirm their biological relevance 
in vivo we have studied CF mutant mice homozygous for F508del-CFTR (Legssyer et al., 
2006). We have demonstrated TG2-SUMO colocalization and increased TG2 activity in lung 
tissues from F508del-CFTR homozygous mice. These mice displayed inflammation in the 
lungs. We treated these CF mice with daily i.p. injections of cystamine, already used in a 
mouse model of Huntington’s disease (Karpuj et al., 2002). Cystamine is known to inactivate 
TG2 through a disulfide-exchange reaction and is a substrate for TG2 (Karpuj et al., 2002). 
Daily injections of cystamine inhibit TG2 activation, increase PPAR protein expression, and 
control inflammation. All together these results highlight TG2 as an unforeseen unifying link 
between genetic defect and inflammation. They indicate that CFTR genetic defect drives a 
cascade of events starting with TG2 SUMOylation and increase levels of TG2 activity that in 
turn trigger inflammation and cytokine secretion via PPARg downregulation. The 
modulation of TG2 SUMOylation or the control of TG2 enzyme activity may represent a 
useful tool in the identification of proper modulators of NF-kB activation and the production 
of inflammatory cytokines and chemoattractant factors. Therefore, TG2 might be a 
candidate target for the design of a pathogenic-based therapy in CF and TG2 inhibition 
might represent a new attractive option to control the evolution of chronic inflammatory 
diseases, neurodegenerative diseases, and even cancer. 
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CHAPTER 4 
WOUND HEALING IN DIABETES: ROLE OF PHOSPHOPROTEIN 
ENRICHED IN DIABETES/PHOSPHOPROTEIN ENRICHED IN 
ASTROCYTES-15 (PED/PEA-15) 
Cell adhesion, migration and contraction play significant roles in creating contractile force of 
wound margins and in contributing to wound closure. Thus, misregulation in one of these 
cell functions may have severe consequences, and impair wound healing process (Gary 
Sibbald and Woo, 2008). Altered wound healing is a significant cause of morbidity and 
mortality for a large portion of the adult population worldwide (Association, 2003; 
Edmonds, 2004). One of the most common conditions associated with impaired wound 
healing is diabetes mellitus. About 15% of patients with diabetes present ulcers at lower 
extremities, quite difficult to heal (Trousdale et al., 2009). Multiple factors contribute to 
deficient healing in a subset of diabetic patients (Braiman-Wiksman et al., 2007). They 
include an altered host response, diminished anti-bacterial defences, prolonged 
inflammation, altered protease activity, a tendency for vascular abnormalities, the 
generation of an inadequate number of cells to accomplish rapid and robust healing, 
decreased growth factor production, a failure to form a sufficient amount of extracellular 
matrix, and alterations in apoptosis that may interfere with healing by decreasing the 
number of cells that participate in new tissue formation (Galkowska et al., 2006; Peppa et 
al., 2009; Schultz and Wysocki, 2009; Siqueira et al., 2010; Velander et al., 2008; Wall et al., 
2008). In particular, fibroblasts play a pivotal role in tissue repair. Fibroblasts play a key role 
in wound healing process. Infact, they produce, secrete and remodel ECM and act as signal 
cells secreting the growth factors important for cell-cell communication during the repair 
process (Falanga, 2005; Giacco et al., 2006). Any impediment to fibroblast functions 
prevents normal wound closure and results in chronic non-healing wounds (Lerman et al., 
2003). Noteworthy, alterations of fibroblast functions have been reported in individuals 
with type 2 diabetes (Lerman et al., 2003).  
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The Phosphoprotein Enriched in Diabetes/ Phosphoprotein Enriched in Astrocytes-15 
(PED/PEA-15) is a 15 kDa cytosolic protein widely expressed in different tissues and highly 
conserved among mammals, whose gene maps on human chromosome 1q21-22 (Estellés et 
al., 1996). Overexpression of the PED/PEA-15 gene is a common defect in type 2 diabetes 
(Condorelli et al., 1998a, b; Condorelli et al., 2001; Valentino et al., 2006). During a study 
using a differential display technique to identify genes whose expression was altered in type 
2 diabetes, it has been demonstrated that both PED/PEA-15 mRNA and protein levels were 
overexpressed in fibroblasts from type 2 diabetics compared with non-diabetic individuals. 
Also skeletal muscle and adipose tissues, two major sites of insulin resistance in type 2 
diabetes, showed the same behaviour (Condorelli et al., 1998a). Furthermore, a recent 
study showed that PED/PEA-15 overexpression represents a common abnormality in both 
type 2 Diabetes Mellitus  and their First Degree Relatives (Valentino et al., 2006).  
Cells overexpressing PED/PEA-15 showed an impaired insulin-dependent glucose uptake. 
Transgenic mice overexpressing PED/PEA-15 exhibit mildly elevated random-fed blood 
glucose levels and become hyperglycemic after glucose loading, indicating that increased 
expression of this gene is sufficient to impair glucose tolerance. Moreover, transgenic mice 
become diabetic after administration of high-fat diets, indicating that, in vivo, the 
overexpression of PED/PEA-15 in conjunction with environmental modifiers may lead to 
diabetes (Vigliotta et al., 2004)Thus, these findings identify PED/PEA-15 as a novel gene 
controlling insulin action contributing, under appropriate environmental conditions, to 
genetic susceptibility to type 2 diabetes in humans. 
PED/PEA-15 gene product is a ubiquitously expressed protein, which has been implicated in 
the control of cell survival and growth and glucose metabolism (Fiory et al., 2009). PED/PEA-
15 lacks enzymatic function and mainly serves as a molecular adaptor. Indeed, it has been 
identified as an interactor for several signalling molecules including phospholipase D1 
(Zhang et al., 2000), RSK2 (Vaidyanathan and Ramos, 2003) and extracellular signal 
regulated kinase 1/2 (ERK1/2) (Condorelli et al., 2002; Eckert et al., 2008; Glading et al., 
2007; Roth et al., 2007). In particular, PED/PEA-15 binding to ERK1/2 prevents its nuclear 
translocation and determines cytosolic accumulation, thereby modifying its targeting to 
specific subsets of substrates (Formstecher et al., 2001). We show that the increase of 
PED/PEA-15 expression results in a reduced fibroblasts motility and this may contribute to 
defect of wound healing in TgPED mice. 
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Materials  
 Tribromoethanol (Avertin®) was from Sigma-Aldrich (St. Louis, Mo). Media, sera, and 
antibiotics for cell culture were purchased from Invitrogen Ltd. (Paisley, United Kingdom). 
Rabbit polyclonal Paxillin antibodies were from Zymed Laboratories (Invitrogen Corporation, 
Calif.). Rabbit polyclonal fibronectin antibodies were from Chemicon (Millipore 
Corporation). Western blotting, ECL reagents were from Amersham (Arlington Heights, Ill). 
Electrophoresis reagents were from BioRad. Rabbit polyclonal -actin antibodies and 
mytomicin C were from Sigma-Aldrich (St. Louis, Mo.) 
Cell culture and Western Blot  
Skin fibroblasts were obtained by punch biopsy, the cultures established and grown as 
previously described (31), and used for experimental procedures between 3 and 10 
passages. For Western blotting, the cells were solubilized in lysis buffer (50mM HEPES pH 
7.5, 150mM NaCl, 4mM EDTA, 10mM Na4PO7, 2mM Na3VO4, 100mM NaF, 10% glycerol, 
1% Triton X-100, 1mM phenylmethylsulfonyl fluoride, 100 g of aprotinin/ml, 1mM 
leupeptin) for 60 min at 4°C. Lysates were clarified at 5,000 x g for 15 min. Solubilized 
proteins were then separated by SDS-PAGE and transferred onto 0.45-µm-pore-size 
Immobilon-P membranes (Millipore, Bedford, Mass.). Upon incubation with the primary and 
secondary antibodies, immunoreactive bands were detected by ECL according to the 
manufacturer's instructions.  
Scratch assay  
Fibroblasts were seeded at a density of 8×105 cells per well into the 6-well microplates, 
wounded by manually scratching with a pipette tip, washed twice with phosphate-buffered 
saline (PBS) and incubated at 37°C, with or without mitomycin C (10 μg/ml; Sigma-Aldrich, 
St. Louis, Mo.). Wound gap was photographed at 0 and 24 h at the same location. Images of 
areas were collected with a Canon Powershot digital camera coupled to the microscope and 
percentage of closure was calculated with NIH IMAGE J. These experiments were repeated 
at least three times.  
MATERIALS AND METHODS 
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Time-Lapse Microscopy  
Time-lapse microscopy (TLM) experiments were performed by using a video optical 
microscopy workstation which has been already described elsewhere (Dickinson RB, 1993). 
The images are captured by a cooled monochromatic CCD video camera. The samples were 
imaged every 10 min with a long working described above were carried out in the TLM 
experiments and cells motion was analyzed offline as described in the following. 
Cell Tracking  
Image analysis of the scratch assay was performed by using a semi-automated Cell Tracking 
software. For each time step, about 40 cells on the wound edges were individually followed 
by manual overlaying each cell contour, and the coordinates of the contour points and of 
the cell centre of mass are stored on hard disk. To assist the operator in cell identification, 
the color-coded contour of each cell at the previous time step is also shown in the image 
overlay. From the centre of mass coordinates the trajectory of each cell was reconstructed 
for the whole experiment. Furthermore, average motility parameters of the cell population, 
such as velocity, were calculated as a function of time. The analysis of cell motility was 
based on the persistent random walk theory (Dickinson et al., 1994) (Matthes and Gruler, 
1988), where it is assumed that cell motion is characterized by a diffusion coefficient (also 
referred to as the random motility coefficient) D (m2/min) and a persistent time P (min). 
According to the theory, the mean square displacements are given by the equation  
  PtePtDtd /2 14)(   (1)  
where <d2(t)> (m2) is the mean square displacement of the tracked cell sample at time 
t. The trend predicted by Eq. 1 is linear at t >>P (i.e., <d2(t)>≈4Dt), with a slope 
proportional to the diffusion coefficient. The mean square displacements are calculated 
from the following relation 
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where k is the current time expressed in units of the time interval t between two 
consecutive image acquisitions, the double summation is on the index i representing cell 
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number (up to the total cell number N) and on index j representing the number of 
intervals (the total number being M-k), x and y are the centre of mass coordinates 
obtained by cell tracking. The mean square displacements are calculated from non-
overlapping intervals (Dickinson et al., 1994). Eq. (1) was fit to the experimental data of 
mean square displacements (calculated from Eq. (2)) as a function of time with D and P as 
the only adjustable parameters. 
Cytoplasmic spreading  
Fibroblasts were seeded at a density of 1×104 cells per well into the 12-well microplates 
coated with fibronectin (1 µg/well) or heat-denatured BSA, as a negative control. Then 
after 3 h, cells were gently washed with PBS and fixed in 4% formaldehyde for 15 min. 
After staining with 0.1% crystal violet, the cells were examined by microscopy. Five 
randomly chosen visual fields, representing approximately 15% of the dish surface area, 
were photographed and the number of cells was counted (at least 1000 cells). The cells 
were scored as either non-spreading or spreading, depending on whether the cell had 
obtained cytoplasm extensions. 
Confocal microscopy  
Subconfluent cells on glass coverslips were fixed for 20 min with 4% paraformaldehyde 
(Sigma) in PBS containing 0.9mM calcium and 0.5mM magnesium (PBS CM) at room 
temperature, washed twice in 50mM NH4Cl in PBS CM and twice in PBS CM. Cells were 
permeabilized for 5 min in 0.5% Triton-X 100 (Bio-Rad) in PBS CM, washed twice, for 10 min, 
in 0.2% gelatin (Sigma) in PBS CM and then incubated for 1 h with the primary antibodies 
diluted in 0.5% BSA (Sigma) in PBS. After three washes with 0.2% gelatine, cells were 
incubated for 20 min with the appropriate rhodamine- or fluorescein-tagged goat anti-
mouse or anti-rabbit secondary antibody (Jackson ImmunoResearch, West Grove,PA), 
diluted 1:50 in 0.5% BSA in PBS. After final washes with PBS, the coverslips were mounted 
on a microscope slide using a 50% solution of glycerol in PBS and examined with a Zeiss LSM 
510 version 2.8 SP1 Confocal System. 
56 
 
In vivo wound healing and histological analysis  
TgPED and Wt control mice have been generated and characterized as described previously 
(Vigliotta et al., 2004). We used 16 eight month olds, sex and aged matched, TgPED and Wt 
mice littermates for each time point of the study. The animals were anesthetized with a 
single intraperitoneal injection of tribromoethanol (Avertin® 250 mg/kg body weight). The 
hair on the back of each mouse was cut and 2 full-thickness wounds (4 mm in from each 
edge, 2 cm in length) were made with scalpel (Braiman-Wiksman et al., 2007). Wounds from 
all animals were harvested at 3, 4 and 6 days after injury and used for histological analysis. 
Samples were fixed in 10% neutral buffered formalin and subsequently processed, blocked 
and sectioned perpendicularly to the wound surface in 5 μm consecutive sections. The slides 
obtained from the block were stained with haematoxylin-eosin (H&E) for morphometric 
analysis, with PicroSirius Red/Fast Green for differential staining of collagen during matrix 
production phase, and with anti-FGF-2 (sc-79, Santa Cruz Biotechnology) at 1:500 dilution 
for immunohistochemical-based quantification of fibroblast content. All stained samples 
were examined under digital and light microscope by at least two trained pathologists in 
blind. Fibroblast content and collagen fibers production/organization were evaluated using 
a semi-quantitative three point of range value. For the extracellular matrix production we 
attributed score 0 for absence of collagen production, score 1 and 2 for 10-40% and 40%-
80% collagen fibers content compared to adjacent normal tissue respectively, and finally 
score 3 for wound matrix indistinguishable from adjacent normal tissue. To evaluate 
activated fibroblasts amount we attributed score 0 for no increase, score 1, 2 or 3 for little, 
moderate or high increase of fibroblasts activated content compared to adjacent tissue, 
respectively.  
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PED/PEA-15 effect on scratch wound assay 
Wound closure was studied in cellular skin fibroblasts isolated from mice overexpressing 
PED/PEA-15 (TgPED) and control (Wt) mice. As expected, PED/PEA-15 protein abundance 
was about 10-fold higher in the fibroblasts of TgPED mice (Fig. 4.1). Confluent monolayers 
were scratched and images were taken at 0 and 24 hours after wounding (Fig. 4.2).  
                  
Figure 4.1: PED/PEA 15 protein expression in skin fibroblasts isolated from TgPED and control (Wt) mice. 
 
Figure 4.2: Fibroblasts from TgPED mice and their Wt controls in the scratch assay at the beginning (0) and 
after 24h  time-lapse experiment (24 h)  
 
RESULTS 
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The wound closure was significantly decreased in TgPED fibroblasts compared to controls 
(Fig. 4.3). To determine whether the effect of PED/PEA-15 was due to alteration of cell 
proliferation, scratch assays were also performed in the presence of 10 g/ml mitomycin C, 
an irreversible inhibitor of mitosis. Pretreatment with mitomycin C decreased the wound 
closure rate in fibroblasts of both genotypes. However, the extent of closure of  TgPED 
fibroblasts was still reduced compared to controls (Fig. 4.3). Moreover, no difference 
between Wt and TgPED fibroblasts was detected in thymidine incorporation experiments, 
suggesting that PED/PEA-15 effect on wound closure was not due to changes in cell 
proliferation.  
 
                        
Figure 4.3: Wound healing evaluation in cultured fibroblasts from TgPED and Wt mice in the absence or in 
the presence of Mitomycin C   
 
 
Direct evaluation of fibroblast motility by time-lapse microscopy (TLM) 
Fibroblast motility was then assessed by quantitative analysis of images acquired in TLM 
experiments following the scratch and images were recorded in TLM with a time interval 
of 10 min for 24 h. Wound closure was visually almost complete in 24 h for Wt cells, 
whereas TgPED fibroblasts were lagging behind. In agreement with the striking difference 
in wound closure rate, TgPED fibroblasts exhibited a significant lower average velocity, 
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(Table 1). Moreover, cell trajectories were reconstructed by the cell tracking image 
analysis. In both Wt (Fig. 4.4 A) and TgPED (Fig. 4.4 B) fibroblasts, the trajectories showed 
a random orientation being uniformly distributed in space (i.e., no preferential direction 
of motion can be distinguished). However, more extended cell trajectories were detected 
in Wt compared to TgPED fibroblasts (Fig. 4.4 A,B). The mean square displacements 
<d2(t)> of the two populations were calculated from the cell centers of mass at each time 
(see Eq. 2 in Material and Methods). The <d2(t)> values, which are representative of cell 
migration by random diffusion, were about 2-fold higher in Wt fibroblasts. Accordingly, 
the values of D (diffusion coefficient) and P (persistence time) were about 2-fold higher in 
Wt compared to TgPED fibroblasts (Table 1). 
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Figure 4.4: Trajectories of fibroblasts isolated from A) Wt mice, B) PEDTg mice 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Comparison of mean square displacements of Wt and PEDTg fibroblasts 
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Genotype 
Velocity 
(m/min) 
D 
(m2/min) 
P 
(min) 
Wt 0.9±0.08 8.3±2.7 332±75 
PED-Tg 0.5±0.09 3.9±1.2 143±25 
 
Table 1: Assessment of motility parameters in fibroblasts from Wt and PEDTg mice.  
 
PED/PEA-15 effect on cell adhesion, spreading and cytoskeleton organization 
Fibroblast motility is dependent on cell ability to adhere to substrates and to transfer into 
the cytoplasm the signal that induces cytoskeleton reorganization (Arnaout et al., 2007; 
Chou et al., 2003; Ridley et al., 2003). TgPED fibroblasts showed no significant difference 
in adhesion compared to the controls (data not shown). We have then evaluated 
cytoplasmic spreading by staining with crystal violet. After 3 h plating on fibronectin, 
about 60% of Wt cells exhibited a spread cytoplasm, by contrast, the number of spread 
cells was about 30% for TgPED (Fig. 4.6 A). To analyze actin cytoskeleton organization and 
focal adhesion plaques, Wt and TgPED fibroblasts were stained with rhodamin-
conjugated phalloidin or with specific anti-paxillin antibodies, respectively. Clearly, the 
results showed that TgPED fibroblasts displayed a marked decrease of stress fibres and 
focal adhesion plaques compared to controls (Fig. 4.6 B).  
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Figure 4.6:  A) Cytoplasmic spreading and B) cytoskeleton organization in Wt and TgPED fibroblasts.  
 
 
PED/PEA-15 depletion increased fibroblasts spreading and wound closure 
To further address the role of PED/PEA-15 in the regulation of cellular motility, we used 
fibroblasts from ped/pea-15–null mice. These animals have been previously characterized 
and reported (Miele et al., 2007) and feature no PED/PEA-15 expression in skin fibroblasts 
(data not shown). Importantly, after 3 h plating on fibronectin, cytoplasmic spreading was 
increased by about 30% compared to control cells (Fig. 4.7 A). Likewise, the wound closure 
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ability to recolonize the wounded area was also increased in ped/pea-15–null fibroblasts 
(Fig. 4.7 B). Furthermore, wound closure was almost complete already after 12 h in 
ped/pea-15–null fibroblasts, while it occurred after 24 h in control mice (Fig. 4.8). 
 
 
     Figure 4.7: Quantification of A) cytoplasmic spreading and B) in vitro wound healing in ped/pea-15 null 
fibroblasts 
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Figure 4.8: Fibroblasts from KOPED mice and their Wt controls in the scratch assay at the beginning (0) and 
after 12h  (16h) and 24 h time-lapse experiment (24 h) 
 
PED/PEA-15 effect on wound healing in vivo  
In order to assess whether PED/PEA-15 may also affect fibroblast motility in vivo, we 
examined wound healing in TgPED and in Wt mice. Interestingly, histological exam of the 
wounded skin at 72 h and 96 h after a dorsal incision, revealed a significantly reduced 
number of activated fibroblasts and a comparable reduction of collagen fibres production in 
the TgPED specimens compared to those observed in the Wt (Table 2 and 3), while no 
significant difference was observed in the adjacent normal skin. Moreover, the distance 
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between the wound edges was 3- and 2-fold higher, respectively, in TgPED compared to Wt 
mice (data not shown). Also, after 6 days, a complete closure of the wound was observed in 
all Wt while not in TgPED mice. 
 
 
 
 
 
 
 
 
Table 2: Assessment of wound healing parameters in Wt and PEDTg mice after 3 days 
 
 
 
 
 
 
Table 3: Assessment of wound healing parameters in Wt and PEDTg mice after 4 days 
 
 
 
 
 
Genotype 
Activated fibroblasts 
content 
Collagen fibres 
production 
Wt 1.3±0.5 1.2±1 
PED-Tg 
 
0.4±0.4 
(p>0,01) 
0.4±0.75 
(p>0,01) 
Genotype 
Activated fibroblasts 
content 
Collagen fibres 
production 
Wt 1.6±1 1.4±0.7 
PED-Tg 
 
0.9±1 
(p>0,01) 
0.6±0.9 
(p>0,001) 
66 
 
Cell migration is an essential process important not only during development, but also in 
wound repair. Interestingly, tissue repair results largely inefficient in patients with diabetes 
mellitus (Baum and Arpey, 2005; Terranova, 1991). Nevertheless, the molecular 
mechanisms involved in wound closure alterations in diabetes are not well understood. 
Ped/pea-15 overexpression represents a common feature in skeletal muscle and adipose 
tissues from individuals with type 2 diabetes (Condorelli et al., 2001; Valentino et al., 2006). 
Moreover transgenic mice overexpressing ped/pea-15 (TgPED) to levels comparable to 
those occurring in type 2 diabetes patients, present mildly elevated random-fed blood 
glucose levels and become diabetic when the body weight increases through administration 
of high-fat diets. Moreover, they are much more insulin resistant than their Wt littermates 
(Vigliotta et al., 2004). TgPED mice are markedly hyperinsulinemic in the basal state and also 
show reduced insulin response to a glucose challenge, indicating that the overexpression of 
ped/pea-15 impairs both insulin action and insulin secretion (Vigliotta et al., 2004). This 
work shows that overexpression of ped/pea-15 affects wound closure rate in cultured 
primary fibroblasts from TgPED mice. TgPED fibroblasts displayed reduced average velocities 
compared to Wt and their trajectories were much shorter than those of Wt fibroblasts. Cell 
interaction with the ECM components is crucial for adhesion and migration and is mediated 
by various receptors, including integrins (Raftopoulou and Hall, 2004). These proteins 
provide a transmembrane link between the ECM and the cytoskeleton, activating 
intracellular signalling processes (Raftopoulou and Hall, 2004). By analysing cell adhesion we 
found no difference betwen TgPED and Wt fibroblasts (data not shown). At variance, TgPED 
fibroblast spreading, focal adhesion plaques and actin stress fibres formation were reduced. 
Thus, wound closure, spreading and cytoskeleton organization are deregulated in fibroblasts 
overexpressing PED/PEA-15. Interestingly, fibroblasts isolated from ped/pea-15–null mice 
show an increased ability to recolonize wounded area after a scratch and an increased 
spreading compared to control cells. These results strongly support a role of PED/PEA-15 in 
the regulation of cell motility. Moreover, the control exerted by PED/PEA-15 on cell 
migration is not restricted to fibroblasts, as it was already shown that PED/PEA-15 controls 
astrocytes motility (Renault-Mihara et al., 2006). Finally, the histological analysis of TgPED 
wounded skin showed a remarkable reduction in activated fibroblasts and in collagen fibre 
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content. TgPED mice present also a significant delay in skin repair. These data suggest that 
PED/PEA-15 is able to impair fibroblast functions, also in vivo. Considering the different 
known cellular function of  PED/PEA-15  in a chronic disorder such as diabetes (Condorelli et 
al., 2001; Valentino et al., 2006; Vigliotta et al., 2004), the observation that PED/PEA-15 
regulates cellular motility may have a significant impact on future investigation of its role in 
diabetic complications.  
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CHAPTER 5   
TWO-PHOTON LASER GENERATED MICROTRACKS IN 3D 
COLLAGEN LATTICES: PRINCIPLES OF MMP-DEPENDENT AND        
-INDEPENDENT COLLECTIVE CANCER CELL INVASION 
Cell migration in vivo is a complex process defined by determinants of both the cell and the 
tissue environment on or through which the cell migrates. In interstitial migration through 
3D ECM, important physical ECM determinants of cell movement include the degree of ECM 
alignment, the width of pores present therein, and the ECM stiffness (Egeblad M, in press; 
Erler and Weaver, 2009; Friedl and Wolf, 2010). Thereby, the ECM provides both, a physical 
scaffold for cell adhesion and migratory guidance but also a physical barrier which, if 
sufficiently dense, hinders or prevents cell movement (Hotary et al., 2003; Wolf et al., 2007). 
In vivo interstitial ECM is heterogeneous in composition, density and organization. It 
comprises regions of high density with tightly packed collagen fibres and loose regions 
composed of random collagen fibres resulting in variable gap diameters and clefts 
(Condeelis and Segall, 2003b; Provenzano et al., 2008b; Wolf et al., 2009). Both the degree 
of alignment and density of 3D ECM directly impacts molecular mechanisms of cell 
migration, particularly the engagement of integrins and the requirement for pericellular 
proteolysis (Friedl and Wolf, 2010; Ruiter et al., 2002). ECM density and the space provided 
by pores therein determine the physical space available for moving individual cells or cell 
groups (Friedl and Wolf, 2010), and determines the speed and persistence of migration 
(Ghajar et al., 2008). In vivo loose and randomly organized connective tissue favours single 
cell dissemination of amoeboid breast cancer cells (Brown et al., 2003; Kedrin et al., 2008); 
conversely regions of highly aligned collagen bundles in the deep mouse dermis support cell 
collective invasion in fibrosarcoma xenografts (Alexander et al., 2008). In vitro, collective 
invasion into dense collagen lattices requires localized cell-mediated pericellular proteolysis 
and ECM realignment resulting in elongated gaps and tracks of least resistance (Wolf et al., 
2007). The major cell surface collagenase controlling type I collagen degradation is MT1-
MMP/MMP14 (Sabeh et al., 2004) and consequently rate-limiting for collective invasion into 
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3D collagen lattices in vitro (Wolf et al., 2007). However, when and under which ECM 
conditions pericellular proteolysis is required for cancer cell invasion is controversial, based 
on divergent results from different labs using different collagen matrix substrates in vitro 
(Hotary et al., 2003; Provenzano et al., 2008b; Wolf et al., 2003) and in vivo  (Wyckoff et al., 
2006). Thus, the physical determinants of the ECM structure to either support, mechanically 
impede or arrest cell migration in vitro and in vivo remain to be determined. Different in 
vitro collagen-based cell invasion models consisting of 3D collagen lattices after re-assembly 
of monomeric collagen mimic the structure of connective tissue in vivo to varying degree 
(Wolf et al., 2009). In most cases, in vitro reconstituted fibrillar  collagen provides porosity 
as well as barrier function, similar to loose connective tissue in vivo, but they lack well-
controlled spatial characteristics because smaller and larger pores form as part of a 
stochastic polymerization process which fails to recreate defined in vivo-like trails (Egeblad 
et al., 2010; Provenzano et al., 2008a; Wolf et al., 2009). Consequently, to create well-
defined physical models for cell migration through collagen-based 3D environments, 
random fibrillar matrix polymerization needs to be combined with procedures to generate 
predefined tracks that mimic particular patterns of connective tissue organization. We here 
show how two-photon excited laser microsurgery can be used to generate physical tracks in 
3D collagen matrices of defined width and length. The resulting micro- and macropatterned 
lattices were used to address the conditions for MMP-dependent and -independent 
collective migration of invasive cancer cells.   
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Cell culture and reagents 
Dual-colour mouse mammary tumour cells (MMT) that express cytoplasmic DsRed2 and 
nuclear EGFP coupled to histone 2B (Tsuji et al., 2006) were maintained in RPMI 1640 
growth medium (Invitrogen) supplemented with 10% FCS (Sigma),  penicillin  and  
streptomycin (each 50 U/ml) (PromoCell) in a humidified incubator at 37 °C in 5% CO2. The 
function of MMPs was inhibited with the broad-spectrum inhibitor GM6001 (final 
concentration: 20 µM) (Chemicon). 
3D spheroid culture 
Cells from subconfluent cultures were detached with 2mM EDTA, and multicellular 
spheroids were generated using the hanging-drop method (Korff and Augustin, 1998). In 
brief, cells were re-suspended in RPMI 1640 growth medium supplemented with 10% 
methylcellulose, and incubated in 25 µl droplets overnight. After cell aggregation, spheroids 
were washed in PBS and incorporated into 3D type I collagen lattices consisting of non-
pepsinized rat-tail collagen (final concentration: 6 mg/ml; BD Biosciences) which correspond 
to dense ECM regions of in vivo interstitial matrix (Wolf et al., 2009).  
Two-photon laser microsurgery 
Generation of microtracks ablated from fibrillar collagen within 3D collagen lattices was 
performed using two-photon excitation at 830 nm with a Ti:Sapphire laser (Chemeleon XR, 
Coherent) on an upright microscope stage (LaVision BioTec) using a 20x NA 0.95 water-
immersion objective ( Olympus) and a focal power of 400 mW. Regions of interest of 150 
µm in length and variable widths and depths were positioned directly adjacent to the edge 
of multicellular spheroids before the onset of invasion. Following microtrack generation 
spheroid-containing lattices were maintained at 37°C and monitored for growth and 
invasion activity for up to 48 h. At the end-point, cultures were fixed (4% paraformaldehyde, 
room temperature, 30 min) and reconstructed by confocal microscopy (Olympus FV100), 
using confocal reflection for visualizing collagen fibres.  
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Time-lapse microscopy and image analysis 
Migration of MMT cells into collagen-ablated microtracks was monitored for 48 h using 
time-lapse two-photon microscopy. Images were acquired every 15 min at 830 nm 
excitation wavelength allowing the simultaneous visualization of DsRed2, EGFP and second 
harmonic generation (SHG), as described (Friedl et al., 2007). Z-stacks were obtained with a 
step-size of 5 µm. Image processing and 3D reconstruction was obtained using the ImageJ 
(1.40v; W. Rasband, NIH) or ImSpector 3.4 (LaVision BioTec) software. 
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Two-photon laser microsurgery to generate microtracks in 3D collagen 
lattices 
To mimic naturally occurring clefts and tracks within connective tissue in vivo, microtracks 
forming trails of least resistance within 3D collagen matrices were generated by two-photon 
laser ablation and used for studying cell migration along barrier-free interfaces. Regions of 
interest were defined and ablated using a power density of 400 mW, resulting in rectangular 
3D tracks devoid of collagen structures (Fig. 1A, B).  Scanning at higher laser intensities 
resulted in cell damage and poorly defined edges of the microtracks, consistent with out-of 
focus energy absorbtion and overshoot-vaporization. Lower laser power was not sufficient 
to reliably ablate the collagen fibres and form defined microchanels (data not shown). To 
vary geometry, microtracks were created with constant length (150 µm) but varying widths 
and depths (3 to 30 µm in both x and z directions) (Fig. 1C). The channels showed precise 
medium-collagen interfaces and were largely free of inner debris or partially degraded 
collagen fibres (Fig. 1B), thus representing a highly defined model of 3D tracks with a 
physiological substrate as a border to support cell adhesion and guided migration.   
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Figure 1: Microtracks in collagen lattices A) in x and z direction and B) its 3D reconstruction. C) Microtracks 
with varying widths and depths. 
Cancer cells migrate collectively into collagen-ablated microtracks 
The physical structure of ECM has been shown to influence greatly the efficiency of cancer 
cell invasion (Harley et al., 2008) and requirements for pericellular proteolysis (Friedl and 
Wolf, 2010; Gaggioli et al., 2007; Wolf et al., 2007). Using dense collagen substrate in 
combination with the highly space-controlled microtracks as physiological substrate, we 
tested whether collective cell migration into collagen-ablated microtracks within 3D 
collagen matrix requires MMP-dependent pericellular proteolysis. Multicellular spheroids of 
invasive MMT cells expressing cytoplasmic DsRed2 and nuclear H2B/EGFP were embedded 
within 3D collagen lattices , and subsequently two-photon excited ablation of tracks was 
performed adjacent to the spheroid-collagen matrix interface (Fig. 2A). In untreated control 
cultures, MMT cells invaded spontaneously as multicellular strands into the collagen matrix 
along preformed microtracks (Fig. 2A, numbers) as well as secondary invasion zones de-
novo generated by the cells themselves (Fig. 2A, arrowheads), similar to invasive HT-1080 
fibrosarcoma cells (Friedl and Wolf, 2008; Wolf et al., 2007). In track-free collagen lattices, 
all invasion activity was ablated by the broad-spectrum MMP inhibitor GM6001 (20 µM) 
whereas growth of spheroids remained undiminished (Fig. 2B, C), consistent with the 
abrogation of MMP-dependent de novo track generation but uncompromised cell viability in 
C 
74 
 
the presence of GM6001. Thus, for penetrating dense collagen matrix which provides 
stringent physical resistance, MMT cells require MMP function for collective invasion, as 
described (Friedl and Wolf, 2008). However, in the presence of microtracks at a track calibre 
that exceeds the single-cell diameter (15 to 20 µm), MMT cells maintained vigorous 
collective invasion despite the presence of GM6001 but lacked the capability to form 
secondary de novo tracks (Fig. 2B). Subsequent to the first cell, multiple cells followed in an 
MMP-independent manner thereafter using the track edge for migratory guidance until the 
lumen of the microtrack was filled completely (Fig. 2D). Thus, collective invasion along 
barrier-free interfaces with space that corresponds to or exceeds the cell diameter does not 
require proteolytic degradation of ECM structures.  
Figure 2: Collective cell migration along preformed microtracks in collagen matrix and effect of MMP 
inhibition on invasion activity 
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MMP-independent collective migration into narrow  microtracks 
In vivo invasion of cancer cells occurs within ECM of varying structure and pore size (Egeblad 
et al., 2010; Provenzano et al., 2008a; Wolf et al., 2009). To test the track dimensions 
permissive for collective invasion and to further approach the minimum gap size supporting 
non-proteolytic invasion, the dimensions of microtracks were reduced to the technical 
minimum of a single-line scan which resulted in tracks measuring approximately 3 x 3 µm 
(Fig. 3A) thus exceeding the lateral point spread function by factor 4 and the vertical by 
factor 2 (Andresen et al., 2009). Despite their cell diameter of 15 to 20 µm and the presence 
of GM6001, MMT cells were able to migrate into microtracks of all tested dimensions (Fig. 
3A, B). As mechanism in all conditions, collagen-ablated microtracks were laterally enlarged 
by invading cell strands, probably by physical pressure on collagen by moving cell strands, so 
that resulting tracks matched the diameter of single cells or multicellular strands (Fig. 3A, B). 
In 3 µm microtracks, the morphology of cells and cytoplasm adopted a cylinder-like shape 
and cells arranged as single cell chain-like files, consistent with substantial cell deformation 
and squeezing in the absence of pericellular proteolysis to accommodate the available space 
(Fig. 3A, insets). Thus, collective invasion is an adaptive process the protease-requirements 
of which are defined by the geometry of pre-existing tracks of least resistance, ECM 
elasticity allowing track widening by cell-mediated pressure, and the deformability of the 
cell body.  
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Figure 3: Collective migration MMP independent in different size microtracks 
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Two-photon laser dissection allows to generate micro- or macro-patterned matrices of 
defined dimensions to study matrix guiding mechanisms of cell invasion in a physiological 
substrate, here 3D fibrillar collagen. Established 3D collagen-based models to study 
mechanisms cell invasion in vitro provide cells with physiological substrate for attachment 
and migration  and recapitulate randomly or partially aligned  matrix organization (Wolf et 
al., 2009), yet fail to recapitulate aligned clefts and gaps of different calibre present in many 
connective tissues (Alexander et al., 2008; Friedl and Wolf, 2009a; Provenzano et al., 2008a). 
Substantial recent progress has provided micropatterned surfaces to for directing cell 
migration along biomolecules gradients (DeLong et al., 2005; Lee et al., 2008; Luo and 
Shoichet, 2004),  pre-defined microtracks (Falconnet et al., 2006; Sarig-Nadir et al., 2009) , 
or artificial 3D substrates, i.e. polyethylene glycol (PEG) hydrogels as substrate (Bott et al., 
2010). Although these studies demonstrate spatial control of cell migration and implicate 
ECM structures in guiding cell directionality, but they do not fully recapitulate guidance 
principles by microtracks and trails that surround the cells three-dimensionally. 
Micropatterned collagen gels using microscale cavities (Nelson et al., 2008; Raghavan et al., 
2010) are suited to construct 3D cavities with defined geometry into which cells are 
positioned, yet they do not generate cell-free tracks inside the matrix that the cells can use 
for individual and/or collective migration. The use of two-photon laser ablation of fibrillar 
type I collagen, which is a physiological in vivo-like substrate for cell attachment, is suited to 
position collagen-free tracks of defined geometry directly adjacent to cells and cell 
spheroids to be readily used for cell migration and secondary remodeling. The excitation 
wavelength of 830 nm at 400 mW focal power using a 20x 0.95 NA objective allows to 
ablate collagen fibres precisely with minimum of remaining debris down to a smallest 
caliber 3 µm in lateral and vertical directions. As down-side, the resulting tracks exceed the 
technical resolution of the system (approx. 500 nm lateral and 1.5 µm vertical resolution) 
and indicates heat-induced destruction of collagen fibers beyond the focal volume of the 
laser by factor 2 to 4. To further reduce the track caliber, an objective lens with higher 
numerical aperture combined with an excitation wave length in the visible range and/or 
altered laser pulse duration might be useful. The laser ablation approach may be amenable 
to other 3D fibrillar tissue scaffolds, such as fibrin or polyethylen glycol lattices and further 
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may be used to generate more complex track structures of varying width, direction and 
bifurcations for studying tissue-guided biophysics of cell migration. Several secreted MMPs, 
including MMP-1, MMP-2 and MMP-13, are effective collagenases, however for invasive cell 
migration through native fibrillar collagen, MT1-MMP is a rate-limiting protease the 
inhibition of which is not compensated by other proteases (Sabeh et al., 2004). MT1-MMP 
has a key function in the generation of micro- and macrotracks generated by cancer cells 
themselves (Wolf et al., 2007) or stromal cells (Gaggioli et al., 2007) which are permissive 
for the formation of collective  invasion strands through these tunnel-like trails (Friedl and 
Wolf, 2008). Consistent with MMP-dependent collagen remodelling, spontaneous invasion 
of MMT cells into dense 3D collagen matrices with laser-generated macrotracks consisted of 
two components, (i) the invasion into the preformed trails which were completely filled 
within few hours, and (ii) the secondary penetration of  matrix  within cell-derived tracks. 
Whereas the cell-derived track generation was abrogated by broad-spectrum MMP 
inhibition, migration into preformed microtracks persisted, which provides direct evidence 
that collective invasion is dependent on sufficient space available in the tissue matrix to 
accommodate the volume of the cell strand (Friedl and Wolf, 2008). In vivo, different ECM 
regions provide gaps and trails similar to those generated here by laser ablation. Matrix 
MMP-independent collective migration could occur in physiological clefts between tightly 
packed collagen  bundles or along pro-invasive structure, such as blood or lymphatic vessels 
and muscle strands (Alexander et al., 2008) which may represent preferential tracks of least 
resistance. The mechanisms supporting non-proteolytic migration into laser-ablated tracks 
comprise two synergistic processes, (i) contact guidance supporting cell alignment and 
movement along the edge of the track (Condeelis and Segall, 2003b; Gauvreau and Laroche, 
2005; Jiang et al., 2005) and (ii) nonproteolytic movement of the cell-matrix interface 
resulting in secondary track widening, presumably by a pushing mechanism against an 
elastic fibrillar ECM network. Both, micro- and macrotracks which range below or exceed 
the respective cell diameter underwent secondary diameter widening by factor 2 to 3, 
suggesting an adaptive pressure-driven process to adjust to geometry of ECM as far as 
matrix elasticity permits. Besides widening the space to support cell migration, cell-derived 
compression of fibrillar tissue may lead to scaffold condensation, increase ECM tension and 
density, and further act as diffusion barrier (Davies Cde et al., 2002). Although the current 
setting did not permit to directly measure the pressure forces exerted by the cells for 
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secondary track enlargement, cell-induced tissue pressure may contribute to increased 
hydrostatic tissue pressure in tumors caused by defective blood vessels (Fukumura et al., 
2010; Fukumura and Jain, 2007; Vakoc et al., 2009) and ECM stiffness caused by proteolytic 
long-term remodelling and condensation of the ECM structure (Egeblad et al., 2010; 
Provenzano et al., 2006; Provenzano et al., 2008a; Provenzano et al., 2008b). It is unclear to 
which extent the tissue elasticity in vivo allows such cell-pressure induced tissue 
deformation, yet the histological sections of concentrically growing primary tumors and 
metastases suggest a high degree of tumor-induced pressure on the interstitial ECM 
structure (Pluen et al., 2001). In conclusion, the 3D microtrack model allows to generate 
defined trails of least resistance to provide new insight into the physical principles of single-
cell and collective cell migration. 
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